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PATENT 



REMARKS/ARGUMENTS 

Status of the Claims 

Upon entry of the present amendment, claims 27, 36-38 and 40-44 are pending. 
Claims 1-26, 28-35 and 39 are canceled. Claims 27 and 40 are amended. 

Claim 27 is amended to set forth a method of detecting the translation of an 
mRNA. Support is foimd, for example, on page 13, line 31 through page 14, line 5 and on page 
70, line 28 through page 71, line 26. Claim 27 was also amended to set forth the term **bound" 
in place of "docked." Support is foimd, for example, in Figures 14-15 and 17 and in the legends 
for Figures 14-15 and 17 on page 16, lines 3-15 and 20-26. 

Claim 40 is amended to properly depend from claim 27. 

Interview with the Examiner 

Applicants thank iExaminer Wessendorf for graciously granting the telephonic 
interview with Applicant and Applicants' attorneys on August 24, 2005. The issues discussed 
during the interview are set forth in the Interview Summary. During the interview, proposed 
language for amending independent claim 27 was presented. Examiner Wessendorf indicated 
that the new claim addressed the pending concerns under Section 112. The Examiner stated that 
an agreement as to the allowability of the claims could be reached with the submission of a 
Declaration under 37 C.F.R. § 1.132 to address the enablement rejection and Terminal 
Disclaimers to overcome the obviousness-type double patenting rejections over U.S. Patent Nos. 
6,225,047; 6,579,719; and 6,881,586. 

Rejection under 35 U.S.C. S 112, first parasraph, written description requirement 

The Examiner has rejected claims 27 and 36-44 under 35 U.S.C. § 1 12, first 
paragraph, as allegedly failing to comply with the written description requirement. Applicants 
respectfully traverse this rejection, because the specification demonstrates Applicants possession 
of the claimed methods. 
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According to the MPEP, to satisfy the written description requirement, a patent 
specification must describe the claimed invention in sufficient detail such that one skilled in the 
art can reasonably conclude that the inventor had possession of the claimed invention. 
Possession may be shown in a variety of ways including description of an actual reduction to 
practice. Possession of a claimed invention may be demonstrated by description of the invention 
with all of its limitations using such descriptive means as words, structures, figures, diagrams, 
and fonnulas that fully set forth the claimed invention. MPEP § 2163(1). 

The Examiner alleges that the specification does not describe a method for 
detecting translation of a polynucleotide from the produced polypeptide. The Examiner alleges 
that there is no correlation as to the polypeptide obtained to the translation of the polynucleotide. 
See, page 3 of the present Official Action. As discussed with the Examiner during the interview, 
this is incorrect. 

As explained above, claim 27 has been amended to recite a method for detecting 
translation of an mRNA. Clearly, the specification describes the presently claimed methods for 
detecting translation of an mRNA, for example, on page 13, line 3 1 through page 14, line 5 and 
on page 70, line 28 through page 71, line 26. On page 71, lines 13-26. Applicants describe with 
great specificity exactly how to carry out the claimed methods. Moreover, because the methods 
are directed to detecting the translation of an mRNA, which does not contain introns, there is a 
direct correlation between the nucleotide sequence of the mRNA and the translated sequence of 
the polypeptide. 

In the Office Action, the Examiner alleges that because of the degeneracy of the 
genetic code, one cannot predict whether a polypeptide is the desired product that is derived from 
a polynucleotide translation. See, page 4 of the present Official Action. As discussed with the 
Examiner during the telephonic interview, this is incorrect. The present methods detect the 
translation of a polypeptide from an mRNA sequence. Even with the degeneracy of the genetic 
code, the specific amino acids encoded by a particular codon in an mRNA sequence have long 
been known in the art. Applicants respectfully point out to the Examiner that the present 
methods only require detecting the polypeptide as an indicator of translation of the mRNA, and 
do not require determining or knowing the sequence of either the mRNA or the polypeptide. 
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However, if it is desirable to determine subsequently the sequence, those of skill in the art knew, 
at the time of filing of the present application, how to determine the sequence of an mRNA and 
how to predict a polypeptide sequence that would be translated firom a particular mRNA 
sequence {see, Sambrook, et aL, Molecular Cloning— A Laboratory Manual (1989) and Ausubel, 
et aL, Current Protocols in Molecular Biology, referenced on page 71, lines 20-24 of the 
specification). 

The Examiner is respectfully reminded that the Patent Office has the burden of 
providing evidence of why persons skilled in the art would not recognize that the inventors had 
possession of the claimed invention at the time of filing. MPEP at § 2163, citing In re Wertheim, 
191 USPQ 90 (CCPA, 1976). The present OfiBce Action has provided no such evidence. 
Therefore, in view of the above amendment and arguments, Applicants respectfixlly request 
withdrawal of the rejection for alleged lack of written description. 

Rejection under 35 U.S.C S 112, first parasraph, enablement requirement 

The Examiner has rejected claims 27 and 36-44 under 35 U.S.C. § 1 12, first 
paragraph, as allegedly failing to comply with the enablement requirement. This rejection is 
respectfully traversed, because Applicants have shown those of skill in the art how to practice the 
claimed methods. 

In order to establish a prima facie case of lack of enablement, the Examiner has 
the burden to establish a reasonable basis to question the enablement provided for the claimed 
invention. In re Wright, 27 USPQ 1510, 1513 (Fed. Cir. 1993). As set forth in MPEP 
§ 2164.01, "the test of enablement is not whether any experimentation is necessary, but 
whether. . .it is undue." The "fact that experimentation may be complex does not necessarily 
make it undue, if the art typically engages in such experimentation" (citations omitted). Further, 
a patent need not teach, and preferably omits, what is well known in the art. Hybritech, Inc, v. 
Monoclonal Antibodies, Inc., 231 USPQ 81, 94 (Fed. Cir. 1986). Finally, claims reading on 
inoperative embodiments are enabled if the skilled artisan understands how to avoid inoperative 
embodiments. See, e.g.. In re Cook and Merigold, 169 USPQ 299, 301 (C.C.P.A. 1971). 
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The Examiner alleges that the specification does not teach the detection of the 
polynucleotide from the polypeptide produced fi'om the translation. See, page 6 of the present 
Official Action. It appears that the Examiner has misunderstood the claims. As amended, the 
presently claimed methods detect translation of an mRNA by detecting a translated polypeptide 
retained on an adsorbent. The methods provide but do not detect the mRNA. 

The Examiner alleges that the specification does not enable how translation of an 
mRNA in situ on a substrate can be accomplished. See, page 6 of the present Official Action. 
The present specification provides detailed guidance to those of skill in the art as to how to 
practice the presently claimed methods (see, page 70, line 29 through page 71, line 26), including 
step-by-step instructions for carrying out the methods for one particular embodiment, screening a 
phage display library (see, page 71, line 28 through page 77, line 13). On page 71, lines 13-26, 
the specification teaches with specificity how translation of an mRNA in situ on a substrate can 
be accomplished. The substrate is overlaid with a cylindrical tube, thereby creating a well In 
the well one places reagents for in vitro translation, and the produced polypeptide binds to the 
adsorbent on the substrate. The cylindrical tube is removed and the adsorbent spots are washed. 
Retained polypeptide is subject to detection by laser desorption spectrometry. 

The Examiner alleges that the specification does not describe the kind of 
translation reagents employed in the methods. See, page 6 of the present Official Action. 
However, protocols for carrying out in vitro translation and reagents for in vitro translation were 
well known in the art at the time of filing of the present application. In vitro translation had been 
practiced by those of skill in the art at least since 1972.^ Moreover, the specification references 
on page 71, lines 20-24 two well known guides in the field of molecular biology, Sambrook, et 
aL, Molecular Cloning— A Laboratory Manual (1989) and Ausubel, et aL, Current Protocols in 
Molecular Biology. At the time of filing of the present invention, reagents for in vitro translation 
were readily available in kits, for instance those commercially purchasable firom Promega of 



* See, summary pages from results of PubMed database for "in vitro translation [title] and 1970: 1997 [date]," 
attached as Exhibit C. 
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Madison, WI. Applicants attach to this response as Exhibits D-F three scientific publications 
disclosing the use of such kits for practicing in vitro translation. 

The Examiner has expressed concern regarding the use of expression systems in 
the present methods. See, page 7 of the present Official Action. However, although one could 
use an expression system in practicing the claimed methods, it is not a required step to transcribe 
the mRNA. The present methods set forth the step of providing an mRNA, which can, but need 
not involve the use of an expression system. 

The Examiner has expressed concem regarding the predictability of translation of 
a polynucleotide. Applicants have addressed this concem by amending the claim to set forth 
translation of an mRNA sequence, which intrinsically is intended to be translated into a 
polypeptide. In addition, to confirm the operability of the present methods, AppUcants submit 
with this response the Declaration of inventor Dr. Tai-Tung Yip under 37 C.F.R. § 1.132. An 
executed copy of the Declaration will be provided once it is available to the undersigned. The 
Declaration states that the methods can be predictably and successfully carried out without undue 
experimentation. The example attached to the Rule 132 Declaration demonstrates translation in 
an E, coll cell. However, mRNA can be provided via an expression system or in an already 
transcribed form (eg., via a commercially purchased mRNA library). The presently claimed 
methods set forth carrying out in vitro translation. Commercially purchased reagents for 
carrying out in vitro translation can be added to the well created by the cylindrical tube, and the 
translated polypeptide can be captured using an appropriate adsorbent. 

Because Applicants teach those of skill in the art how to practice the present 
methods without undue experimentation, the Examiner is respectfully requested to withdraw this 
rejection. 



^ See, page 10479 of Hedley, et al., Proc Natl Acad Sci USA (1994) 91:10479, attached as Exhibit D; page 3435 of 
Lanouy, et al. Nucleic Acids Research (1995) 23:3434, attached as Exhibit E; and page 7975 of Wirblich, et al, J 
Virol (1996) 70:7974, attached as Exhibit F. 
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Rejections under 35 US.C. S 112, second parasraph 

A) translating the mRNA in situ 

The Examiner objects to step c) of claim 27, which recites "translating the mRNA 
in situ on the substrate," because it is allegedly unclear how this would be done. Applicants 

specification at page 71, lines 14-26 teaches how in vitro translation can be carried out in situ on 
an adsorbent by overlaying the substrate with a cylindrical tube to create a well with the substrate 
at the base of the well. In the well, one places reagents for in vitro translation of the mRNA. 

B) docked through the adsorbent to the substrate 

The Examiner objects to recitation of the term "docked" in step c) of claim 27. 
Applicants respectfully remind the Examiner that the patentee can be his own lexicographer. 
M.P.E.P. § 21 1 1.01(111). The present specification implicitly defines "docked" to refer to 
covalent or non-covalent binding. In the interest of furthering prosecution, Applicant's have 
replaced the term "docked" with "bound" in step c) of claim 27. Support can be found, for 
example, in Figures 14-15 and 17 and in the legends for Figures 14-15 and 17 on page 16, lines 
3-15 and 20-26. 

Obviousness-Type Double Patentins 
U.S. Patent No. 6,225.047 

The Examiner has rejected claims 27, 36, 38 and 44 under the judicially created 
doctrine of obviousness-type double patenting as allegedly obvious over claims 1 and 19 of U.S. 
Patent No. 6,225,047. Applicants do not agree with the Examiner. However, in the interest of 
furthering prosecution, Applicants submit a Terminal Disclaimer with this response, thereby 
rendering this rejection moot. 

U.S. Patent No. 5J19,060 

The Examiner has rejected claim 27 under the judicially created doctrine of 
obviousness-type double patenting as allegedly obvious over claim 1 of U.S. Patent No. 
5,719,060. This rejection is respectfully traversed because claim 1 of the *060 patent does not 
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disclose or suggest the required step of the present methods of translation of an mRNA in situ on 
an adsorbent. 

U.S. Patent No. 6.579,719 

The Examiner has rejected claims 27, 36 and 38 under the judicially created 
doctrine of obviousness-type double patenting as allegedly obvious over claims 1-2, 10-11 and 
19 of U.S. Patent No. 6,579,719. Applicants do not agree with the Examiner. However, in the 
interest of furthering prosecution. Applicants submit a Terminal Disclaimer with this response, 
thereby rendering this rejection moot. 

U.S. Patent No. 6,881586 

The Examiner has rejected claims 27, 36 and 38 under the judicially created 
doctrine of obviousness-type double patenting as allegedly obvious over claims 1-3 and 5 of 
U.S. Patent No. 6,881,586. AppUcants do not agree with the Examiner. However, in the interest 
of furthering prosecution. Applicants submit a Terminal Disclaimer with this response, thereby 
rendering this rej ection moot. 
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CONCLUSION 

In view of the foregoing, Applicants believe all claims now pending in this 
Application are in condition for allowance. The issuance of a formal Notice of Allowance at an 
early date is respectfully requested. 

If the Examiner believes a telephone conference would expedite prosecution of 
this appUcation, please telephone the undersigned at 925-472-5000. 




TOWNSEND and TOWNSEND and CREW LLP 
Two Embarcadero Center, Eighth Floor 
San Francisco, California 94111-3834 
Tel: 925-472-5000 
Fax: 415-576-0300 
Attachments 
EGWijlw 

60510668 v1 

Attachments: 

Exhibit A — curriculum vitae of inventor Dn Tai-Tung Yip, attached to Rule 132 Declaration 
Exhibit B — ^Example showing operability of invention, attached to Rule 132 Declaration 
Exhibit C — summary pages from search resuUs of PubMed database for "in vitro translation 

[title] and 1970: 1997 [date] 

Exhibit D— page 10479 of Hedley, et al, Proc Natl Acad Sci USA (1994) 91:10479 
Exhibit E— page 3435 of Larrouy, et al. Nucleic Acids Research (1995) 23:3434 
Exhibit F— page 7975 of Wirblich, et al, J Virol (1996) 70:7974 
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Assembly and peptide binding of migor histocompatibility complex 
class II heterodimers in an in vitro translation system 

M. L. Hedley, R. G. Urban, and J. L. SxROMiNGERt 

Depaitment of Biochemistry and Molecular Biology, Harvard University, 7 Divinity Avenue, Cambridge, MA 02138 



Contributed by J. L. Strominger, June 3» 1994 

ABSTRACT In vUfo traosciiptioii/traiislation of HLA- 
DRl cDNAs in flie pramce of mkraomal membranes was 
used to study the association of nujor liistooompatibllity com- 
plex dass n molecules with pe|itide and faiwiant chain (D) tai 
the endoplasmic reticuhmi (ER). HLA-DRa and HLA-DR^ 
subunits assembled into SDS-unstaUe heterodimers in the 
alwence of exogoious peptide* The Inclusion ^ synthetic pep- 
tides during the a/fi assembly process promoted their con- 
version to SDS-resistant heterodhners. Addition of U RNA 
during the translation <tf mA-DRa and m.A-DR/1 RNAs 
resulted hi the formation of a/fi/U complexes. Peptide bfaid- 
faig by class II molecules was detected even whoi excess li was 
iwcsent during a/fi uaatoMy. These findingB faidlcate that 
peptides can bind a/fi heterodimers In the ER mlcroenviron- 
ment and suggest that peptides derived from cytosoiic protefais 
that are presented by dass n molecules at the ceU snrfiMe may 
have bound to m^-DR in the ER. 



M^jor histocompatibility complex (MHC) class II HLA-DRa 
and HLA-DR^ chains assemble with each other and invariant 
chain (li) in the endoplasmic reticulum (ER). The physical 
association of li with MHC class II heterodimers is thought 
to block premature peptide bindiqg, but whether this is an 
aliosteric efTect or involves steric obstruction of the peptide 
bmdiog groove is not Imown (1-3). Once associated with li, 
MHC class n molecules are trafficked to endosomes by a 
targeting signal on the cytoplasmic tail of li (4, 5). While en 
route to the cell surface. It is proteolytically removed (6) and 
class II molecules then bind peptides before being trans- 
ported to the cell surface. 

Analysis of peptides extracted from human MHC class II 
molecules has identified a smaU percentage of HLA-DR- 
bound peptides that were derived from cytoplasmic source 
proteins (3, 7). In addition, other reports have suggested that 
class n molecules can bind peptides in the ER (8-12). While 
these data suggest that HLA-DR might bind peptide in a 
preendosomal compartment, the precise cellular location in 
which these peptides were bound has not been determined. 

Upon bmding most types of peptide, class n heterodimers 
become resistant to SDS-indiiced dimer cleavage and migrate 
as a 60-kDa complex on SDS/PAGE (13, 14). Interestingly, 
class II molecules expressed in li-deficient mice are not SDS 
stable (15-17), implying that these class n heterodimers are 
devoid of peptide. Recently, however, antigen presenting 
cells from li-deficient mice, which are also transgenic for 
epitopes from myelin basic protein, have been shown to 
present this endogenous antigen to T cells, thus demonstrat- 
ing that some fraction of class II molecules in li** mice are 
peptide loaded and functional (18). Moreover, not all peptides 
induce the formation of SDS-st£d)le class n molecules upon 
binding (19), and it is possible that the peptides available for 
association with class II in the ER may be of this type. Thus, 
data from studies on class Il-restricted endogenous antigen 
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presentation and the li-deficient mice have not resolved 
whether peptide-class II interaction can occur in the ER. 

To definitively address this question, in vitro transcription/ 
translation in the presence of canine pancreatic microsomal 
membranes was used to analyze the assembly of HLA-DRa, 
HLA-DR0, and/or li molecules and to determine their pep- 
tide binding capabilities. 

MATERIALS AND METHODS 

Antibodies. DA6.147 and PINl were gifts from P. Cresswell 
(Yale University). Rabbit anti-DRjSl antiserum was a gift 
from H. Ploegh (Massachusetts Institute of Technology)* 
BU43 was a gift frt>m I. C. M. MacLennan (Bumiogham, 
U.K.). 

Peptides. All peptides were synthesized by standard 9-flu- 
orenylmethoxycarbonyl chemistry, purified by reversed- 
phase chromatography, and verified by mass spectrometry; 
the final concentrations were determined by quantitative 
amino acid analysis or weight. 

Clonhig. cDNAs for HLA-DRAl and HLA-DRB1*0101 
were cloned into pGEM2 (Promega) and pCFTE (Novagen), 
respectively. The 5' untranslated region of the HLA-DR)3 
cDNA was removed to improve translation efficiency. li 
cDNA was cloned into pSELECT-1 (Prom^). The first 
ATG (li p35 translation start site) was mutated to ATC by 
site-directed mutagenesis as described by the manufacturer 
of the Altered Sites in vitro mutagenesis system (Promega). 

In Vitro Transcription and Translation. Plasmid DNAs 
were linearized with the appropriate restriction enzymes and 
RNA was transcribed using the ribomax T7 kit from 
Promega. Transcriptions were performed following the in- 
structions provided by the manufacturer. 

Translations were performed using the conventional or 
fiexi-rabbit reticulocyte translation kits (Promega). The pro- 
tocol provided by the manu&cturer was followed with the 
addition of 2.5 /J of p^S]methionine (Amersham) and 1.5 fd 
of canine pancreatic microsomal membranes. KCl (0.8 pi per 
25 /il of reaction mixture) was added when the flexi-rabbit 
reticulocyte translation kit was used. When the conventional 
reticulocyte iysate kit was used, 1.5-2 mM oxidized glu- 
tathione was added to the translation mixtures. Translations 
were for 60-90 min at 37X. Samples were spun at 14,000 x 
g for 5 min to pellet the membranes and then washed in 0.5 
ml of 130 mM Ka/66 mM Tris-HQ, pH 7.5/33 mM EDTA, 
pH 8.0, and repelleted for 10 min. The membranes were 
solubilized in 40 /xl of 150 mM NaCl/50 mM Tris-HQ, pH 
7.5/1% Nonidet P-40/1 mM phenyhnethylsulfonyl fluo- 
ride/10 mM aprotinin/10 mM leupeptin/10 mM iodoaceta- 
mide. 

Immunopredpltations. For tmmunoprecipitations, 35 fd of 
membranes was mixed with 270 pi of immunoprecipitation 



Abbreviations: MHC. nuyor histocompatibility complex; li, invari- 
ant chain; ER, endoptosmic reticulum; HA, hemagglutinin; ApoB, 
apolipoprotem B. 
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(IP) buffer containing 225 mM NaCl, 50 mM Tris-HCi (pH 
7.5). 5 mM EDTA, 1% Nonidet P-40. Purified antibody (1 
mg/ml) was added to achieve a dilution of 1:500. The samples 
were incubated at room temperature (RT) for 1-2 hr. Protein 
A-Trisacryl (15 pd) and protein G-Sepharose (15 fd) SQ^c 
slurries (both preincubat^ in 1% bovine serum albumin for 
15 min and washed in IP buffer before use) were added to the 
samples and incubated for 1-2 hr. Samples were washed in IP 
buffer four times and the beads were resuspended in 1% SDS 
sample loading buffer. Samples were boiled or incubated at 
RT for 10-60 min before being loaded onto SDS/12% poly* 
acrylamide gels. After electrophoresis, the gels were fixed 
and dried. Densitometric analysis was performed on a Fuji 
BAS2000 bioimager. 

RESULTS 

In Vitro Translation Assay and Antibody Spedfldty . cDNAs 
encoding Ii» HLA-DRAl, and HLA-DRB1*0101 protems 
were cloned into expression vectors containing a T7 RNA 
polymerase promoter. To distinguish between HLA-DRa 
2£nd li proteins by one-dimensional SDS/PAGE, the p35 
alternative translation start site in the li cDNA was mutated 
so that only the p33 form of the protein was produced (see 
Materials and Methods), In vitro translation of the RNAs 
encoding HLA-DRa, HLA-DR^, and li generated proteins 
that, based on their migration in SDS/polyacrylamide gels, 
were appropriately modified by signal sequence cleavage and 
N-linked glycosylation (data not shown). 

To verify the specificity of the antibodies used in the 
immunoprectpitation experiments, HLA-DRa, HLA-DR^, 
and li RNAs were transkUed and the resulting proteins were 
inununoprecipitated with a panel of antibodies. The data 
show that only DA6.147 precipitated HLA-DRa(Fig. 1, lanes 
1*4), a rabbit antiserum developed against gel-purified HLA- 
DRjS chains was the only reagent to react with the HLA-DR0 
chain (lanes 5-8), and PINl was the only antibody to rec- 
ognize li Oanes 9-12). LB3.1, a HLA-DRa/^ complex- 
dependent monoclonal antibody, did not recognize any of the 
sii^e chains (lanes 2, 6, and 10). 

Assembly of the HLA-DR Heterodimer. In vitro transcrip- 
tion/translation has been successfully used to study MHC 
class I assembly (20-22). In this report, a similar system was 
used to study a/fi and a/fi/U assembly. 

HLA-DRa and HLA-DR/3 RNAs were cotranslated or 
translated independently and the products were inununopre- 
cipitated with the HLA-DRo-specific monoclonal antibody 
DA6.147 (Fig. 2). Since HLA-DR^ is coinununoprecipitated 
when both chains are translated and inununoprecipitation 
with LB3.1, a confonnatioii-dependent antibody, also rec- 
ognized the in vitro translated HLA-DRl heterocfimer, sug- 




FiG. 1. Inununoprecipitation of HLA-DRa, HLA-DR^, and li 
firom in vitro translations. After inununoprecipitation, the products 
were resuspended in SDS loading buffer and analyzed by SOS/ 
PAGE. Lanes: 1-4, HLA-DRa; 5-8, HLA-DR/3; 9-12, li and Mr 
markers (xlQ-'). Antibodies used in each inununoprecipitation are 
indicated above the lane. R-anti-/9, rabbit HLA-DR0 antisenim. 
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Fig. 2. In vitro formation of HLA-DRa and HLA-DR^ het- 
erodimers. HLA-DRa and HLA-DR^ RNAs were cotranslated (lane 
1) or translated independently Oanes 2 and 3) and inununoprecipi- 
tated with DA6.147. Lane Mu molecular weight markers (xlO-^. 

gesting that it is folded correctly (data not shown), these data 
cleariy demonstrate that the HLA-DRl heterodimer forms in 
the absence of exogenous peptide or li and indicate that the 
in vitro translated products assemble. 

Assodatfton ofll with HLA-DRaand HLA-DR^. It has been 
reported that li can associate with individual HLA-DR chains 
(2, 5, 23) and with assembled a/p heterodimers (24). The 
tran^ation/transcription system was used to determine 
whether these interactions are detectable in the ui vitro 
translation system. In each of these experiments the RNAs 
were titrated to achieve equimolar amounts of HLA-DRa and 
HLA-DR0 chains and a molar excess of li. The intensity of 
the inununoprecipitated bands is related to the number of 
methionines in each of the three proteins. The DA6.147 
monoclonal antibody inununoprecipitated HLA-DRa from 
the a/Ii cotranslation, but li was not coimmunoprecipitated 
(Fig. 3, lane 6). PINl and BU43 immunopxecipitated li from 
the a/Ii mixture but did not immunopredpitate detectable 
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Fig. 3. li does not associate with HLA-DRa or HLA-DR^ chains 
alone but does associate with the HLA-DRa/^ heterodimer. HLA- 
DR^ and li RNAs were cotranslated (lanes 1-3) and inununoprecip- 
itated with BU43 (lane 1), PINl (lane 2), or rabbit HLA-DR^ 
antiserum (lane 3). HLA-DRa and li RNAs were cotranslated (lanes 
4-6) and inununoprecipitated with BU43 (lane 4), PINl (lane 5), or 
DA6.I47 (lane 6). HLA-DRa, HLA-DR/3, and li RNAs were cotrans- 
lated (lane 7) and inununoprecipitated with DA6.147. Note that the 
number of methionine residues in each protein is different (li, 15; 
HLA-DRa, 3; HLA-DRA 2), so that autoradiography of equimolar 
amounts of protein would reveal a band representing li that is 
stronger than the bands representing HLA-DRa or HLA-DR^. 
Arrowhead indicates a putative li homodimer. A small amount of a 
slower-migrating band that may represent an li bomotrimer is also 
evident. 



Immunology: Hedley et al 

levels of HLA-DRa (lanes 4 and 5). Both HNl and BU43, 
which recognize different domains of li, were used in these 
experiments in the event that single<hain-Ii interactions 
might interfere with antibody recognition. Similar results 
were seen when the fi/U cotranslation was analyzed. Rabbit 
HLA-PR0 antiserum immunoprecipitated the HLA-DR/3 
chain but not li chain (lane 3), and the li-specific antibodies 
immunoprecipitated only li from the /3/Ii mixture Oanes 1 and 
2). Although li does not appear to bind single HLA-DR 
subunits in these experiments, the possibility that these 
interactions occur at levels not detectable by this assay or 
that the antibodies used here do not react with a/Ii or /3/Ii 
complexes is not excluded. 

The lack of detectable single-chain interactions with li 
made it feasible to use these antibodies to examine alfi/lx 
assembly. When HLA-DRa, HLA-DR^, and li RNAs were 
cotranslated and the products were analyzed by immunopre- 
cipitation, all three proteins were coimmunoprecipitated with 
DA6.147 (Fig. 3, lane 7), demonstrating that a/^/Ii com- 
plexes were generated in the microsomes. 

Peptide Binding to HLA-DRl. Since synthetic peptides are 
able to enter microsomes (20, 25, 26), and, as shown above, 
HLA-DRl molecules assemble in these vesicles, experi- 
ments were done to determine whether peptide binding could 
occur in this microenvironment. The binding of most peptides 
induces stability of MHC class 11 heterodimers in SDS/ 
polyacrylamide gels (13, 14). Therefore, the following assay 
was used to monitor HI^-DR-peptide interaction. HLA- 
DRa and HL A-DR^ RNAs were cotranslated in the presence 
of increasing amounts of an A2-like peptide (Table 1, ref. 27). 
The membranes were pelleted, washed extensively to re- 
move excess peptide (peptide was diluted at least 1:1000 after 
the washes), solubilized in 1% Nonidet P-40, and immuno- 
precipitated with DA6.147. The samples were separated on 
SDS/polyacrylamide gels without prior boiling. In the ab- 
sence of added peptide, all of the assembled HLA-DR 
molecules were SD^ unstable; however, as the concentration 
of the synthetic peptide was increased (10-400 mM), a linear 
increase in the number of SDS-resistant molecules was 
observed (Fig. 4A). 

With this assay, other HLA-DRl binding peptides (Table 
1) were tested for their ability to induce SDS stability. Several 
synthetic peptides conferred SDS stability to HLA-DRl 
heterodimers, including fetuin, IgKappa (k), hemagglutinin 
(HA), and ^lipoprotein B (ApoB) peptides (Fig. 45), indi- 
cating that the ability to bind HLA-DRl in the ER microen- 
vironment is not limited to one peptide. 

Some synthetic peptides such as Iil5 and Ii24 and the 
HLA-DRa peptide that have previously been found associ- 
ated with HLA-DRl did not induce detectable levels of 
SDS-stable HLA-DRl heterodimers when present during 
translation (Fig. 4B, lane 5; data not shown). However, when 
HLA-DRa and HLA-DR^ were cotranslated, the mi- 
crosomes were solubilized, and peptide was then added to the 
reaction mixtures, the Iil5 and Ii24 peptides were able to 
promote the formation of SDS-stable HLA-DR molecules 
(Fig. 4C, lanes 3 and 4). Ii24 was previously shown to induce 

Table 1. Peptides tested for binding to HLA-DRl 

Peptide Amino acid sequence 

Iil5 KMRMATPLLMQALPM 

Ii24 LPIOTKPVSKMRMATPLLMQALPM 

K KHKVYACEVTH(}GLS 

DRa APSPLPETTENWCALGL 

ApoB IPDNLFLKSDGRIKYTLNK 

HA PKWKQNTLKLAT 

Fetuin YKHTLNQIDSVKVWPRRP 

A2-like VGSDWRFLRGYHQYAYPG 
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Fio. 4. Formation of SDS-stable HLA-DR heterodimers by 
addition of synUietic peptides. (A) HLA-DRa and HLA-DR^ RNAs 
were cotranslated in the absence or presence of A2-like peptide. 
Concentration of peptide in each reaction mixture is indicated on the 
X axis. The ratio of SDS-stable to -unstable heterodimers formed in 
each translation (y axis) was quantified on a Fiui BAS2000 bioimager 
after immunoprecipitation with DA6.147. (B) In vitro translation of 
HLA-DRa and HLA-DR^ RNAs was performed in the presence of 
100 iM peptide. Peptide added to each translation mixture is 
indicated above each lane. Samples were immunoprecipitated with 
DA6.I47 and analyzed by SDS/PAGE without prior boiling. SDS- 
stable beterodimer is indicated by arrowhead. (C) After cotra n sl a ti on 
of HLA-DRa and HLA-DR^» microsomes were solubilized and 
peptide was added at a concentration of 100 $M. Saaofies were 
incubated at TTX: for 60 min, immunoprecipitated with DA6.147, and 
loaded onto gels in 1% SDS sample buffer without bcnling. Peptide 
added to each sample is indicated above the lanes : - , no peptide was 
added to the translation mixture. SDS-resistant form of HLA-DR is 
indicated by an arrowhead. 

SDS stability of HLA-DRl (27) but does not induce SDS 
stability of HLA-DR3 (28-30), and these differences are 
likely to be allotype specific. The HLA-DRa peptide did not 
induce SDS-stable molecules even when incubated with 
HLA-DR after solubilization of the membranes (Fig. 4C, lane 
2), indicating that, although this peptide may bind HLA-DR 
molecules, it does not induce SDS stability in this assay. The 
integrity of this peptide was subsequently confirmed by 
HPLC analysis (data not shown). 

The EflSect of D on Peptide Binding. The data presented here 
demonstrate that peptides interact with HLA-DR in an ER- 
like microenvironment. Whether this occurs in vivo is likely 
to depend on the ability of a peptide to bind HLA-DR in the 
presence of li. The in vitro translation/assembly assay was 
used to determine whether peptides could bind HLA-DRl in 
the presence of li. HLA-DRa, HLA-DR/3, and li RNAs were 
cotranslated in the presence or absence of 100 /iM HA 
peptide. The interaction of class II molecules with either 
peptide or li was then assayed by immunoprecipitation. Both 
SDS-stable molecules (HLA-DR/peptide complexes) and 
a/p/h complexes were detected when HA was included in 
the translation mixture (Fig. 5, lane 2). Therefore, when li 
RNA is cotranslated with the HLA-DRa and HLA-DR/S 
RNAs, the HA peptide can bind HLA-DR and induce SDS- 
stable heterodimers (although the a/fi/li complexes are 
SDS-unstable under these conditions). These data suggest 
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Ro. 5. Synjthetic peptides induce SDS-stable HLA-DRl dimere 
in the presence of cotranslatod li. RNAs encoding HLA-DRa, 
HLA-DR^, and li were cotranslated in the presence of 100 iM HA 
peptide and inununc^necipitated with DA6.i47 Qanes 1 and 2). 
DA6.147Hlepleted supernatahts were then inununoprecqntated with 
PINl (lanes 3 and 4). Samples were loaded onto gels in 1% SE»S 
sample buffer without boiling: 

that peptide and li compete for binding to HLA-DR. How- 
ever, two alternative possibilities are that (j) li was limiting 
in the microsomes, and the non-B-bound class n molecules 
were free to interact with pq>tide; and (ii) HLA-PRl mole* 
cuies that for some reason were unable to interact with li 
were able to bind peptide. To address these possibilities the 
following experiments were performed. 

to determine whether li was in excess, sequential immu- 
noprccipitations were peifonned oa the samples in Fig. 5. 
After removal of the a//9/peptide and a/^/Ii complexes with 
DA6.147, the samples were inmiunopnicipitated with PINl (o 
measure the amount of excess li. It is clear from these 
experiments that free li is present in the translation mixtures 
(Fig. S, lanes 3 and 4). 

To ascertain whether two distinct populations of HLA-DR 
niolecules were present^-nmei that was able to interact with li 
and one that was able \o bind pei)tido-4he following exper- 
unent was done. Increasing amounts of li RNA were added 
to translation mixtures cont^ning the A2-like or HA syn- 
thetic peptides and HLA-PRa and HLA-DR^ RNAs. As the 
level of fi RNA was increased to saturating levels, the ratio 
of SDS-stable to non-SDS-stable heterodimm decreased 
(Fig. 6); however, HLA-DRl molecules bound to peptide 
were still detectable. These results demonstrate that the 
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Fio. 6. li RNA concentnitipn affects the level of peptide-isduced 
SDS-stable heterodimer formation. HA (100 /iM) or A2-like syn- 
thetic peptide was added during each o/^/Ii cotranslation. Amounts 
of HLA-PRa and HLA-DR/0 RNAs wcfre held constant but the li 
RNA concentration Or axis) was increased untfl HLA-DRq and 
HLA-DR^ translation was markedly decreased, thereby ensuring a 
vast excess (tf li iq the microsomes. Ratio of SDS-stable to -unstable 
heterodimin formed in each translation mixture was quantified on a 
FtUi BAS2dOO bioimager after immunoprecipitation (y axis). 
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population of HLA-DR molecules that bind peptide in the ER 
is likely to be the same as that which associates with li and 
suggest that, although peptides can bind HLA-DR in the 
presence of B, most of the heterodimers are associated with 
li. 

DISCUSSION 

The studies presented here describe an in vitro system 
designed to study peptide binding and assembly of MHC 
class n heterodimers. In this system, HLA-DRa, HLA-DR/9, 
and li RNAs are cotranslated in the presence of microsonud 
membranes that simulate the microenvironment of the ER. 
a/p complexes assemble in this system and bind peptides as 
assayed by stable heterodimer formation in SDS/PAGE. 
a/p/h complexes also assemble and synthetic peptides are 
able to bind HLA-DR in the presence of li. 

Ii is thought to prevent class II proteins from binding 
peptide in the ER (1-3). However, most class II molecules of 
li-defident mice are devoid of SDS-stabiliziog peptides (15- 
17), suggesting that aside from Ii there are other reasons for 
the apparent inability of these class II molecules to bind 
i3eptides in the ER. These may include the followiog: 

(i) The environment in the ER is not suitable for peptide 
bindiiig. In fact, at least one in vitro study indicated that the 
koa rate for peptide binding is enhanced at acidic pH (31). 
Although the low pH in the normal class II peptide loading 
c6nq>artments may promote class Il-peptide interactions, 
the results presented here demonstrate that there is tio 
physiochemical obstacle for peptide binding in the ER. 

(ii) The requirement for a specialized peptide loading 
system may preclude the class H-peptide interaction in the 
ER. There are several hypotheses that invoke the existence 
of a mechanism to load peptides onto dass I proteins in the 
ER (2p» 32-35), but the efficiency with which class II mole- 
cules might be loaded by this putative system is unclear. 
Since peptide-class II interaction normally occurs in special- 
ized vesicles (36-38) and not the ER, this compartment is 
unlikely to have the machinery required to jAomote class II 
peptide loading. 

(ill) Calnexin and other stress-related proteins that asso- 
ciate with HLA-DR in the ER could retain class n molecules 
until assembly of the heterodimer or association with Ii 
occurs (39-41). Association with calnexin or other chaper- 
ones may also interfere with class Il-peptide interactions. 

(iv) MHC class I binding peptides are transported into the 
ER lumen primarily through the TAP transporter (26, 42). It 
is unclear whether the synthetic peptides used here entered 
the microsomes via TAP. Some stupes have determined that 
the C-terminal residue of a peptide has an effect on its 
TAP-dependent transport efficiencies, but no simple motif or 
upper size limit has been defined that consistently makes 
certain peptides better substrates than others (26, 42-45). 
Moreover, peptides are able to gain access to the ER in the 
absence of TAP transporters (20, 46). For these reasons, it is 
not possible to predict which of the peptides used in these 
studies would be the most efficient at membrane transloca- 
tion. 

Membrane pumps that remove peptides from the ER (44), 
or the presence of chaperones such as GP96 and BiP which 
bind peptides rich in hydrophobic residues (35, 47), may 
decrease the effective concentration oif these peptides within 
the ER. Given the slow rate at which HLA-DR binds peptide, 
the interaction would not be favored under conditions of 
limiting peptide. The importance of peptide concentration is 
underscored by results which show that higher concentra- 
tions of peptide promote an increase in the number of 
HLA-DR molecules that acquire SDS resistance (i.e. Fig. 4). 

For the reasons listed above, there may be restraints on the 
type of peptide able to bind HLA-DR in the ER, but it is clear 
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that in vitro class n molecules ^ interact with peptides in 
this microenvironment. An important concern is the fre- 
quency with which this occurs in vivo. There are examples of 
HLA-DR binding to peptides derived from cytosolic proteins 
(3, 7, 11, 48). Given the data presented here, one interpre- 
tation for these results is that class II molecules may have 
acquired these cytosolic peptides in the ER. Several criteria 
will determine the efficiency of this process in vivo, the most 
important of these being whether a given peptide can achieve 
a concentration within the ER that enables it to effectively 
compete with li (10). 

In addition to demonstrating that peptide binds HLA-DR in 
the microenvironment of the ER, this report describes an in 
vitro assay that will be a valuable tool in the analysis of 
peptide-fiEidlitated dass n assembly and in characterizing 
mutations that may affect the assembly process. 

Note added in pnioft A report (49) describing similar results has 
recently appeared. 
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ABSTRACT 

Ribonuclease H (RNase H) which recognizes and 
cleaves the RNA strand of mismatched RNA-DNA 
heteroduplexes can induce nonspecific effects of 
antisense oligonucieotides. In a previous paper [ioir- 
rouy ef a/. (1992), Gene, 121, 189-194], we demon- 
strated that 0DN1 , a phosphodiester 1 5mer targeted to 
the AUG initiation region of a-globin mRNA, inhibited 
nonspeclficaliy ^lobin synthesis in wheat gem 
extract due to RNase H-medlated cleavage of ^iobln 
mRNA. Specificity was restored by using IMP-0DN2, a 
methyiphosphonate-phosphodiester sandwich ana- 
logue of 0DN1, which limited RNase H activity on 
non-perfect hybrids. We report here that 2'-0-all(yi 
RNA-phosphodiester DNA sandwich analogues of 
0DN1, with the same phosphodiester window as 
IMP-ODN2, are non-specific inhibitore of globin syn- 
thesis in wheat germ extract, whatever the substituent 
(methyl, allyl or butyl) on the 2^-OH. These sandwich 
oligomere Induced the cleavage of non-target PH9lobin 
RNA sites, similarly to the unmodified parent oligomer 
0DN1. This Is likely due to the Increased affinity of 
2'-0«ilcyl-ODN2 chimeric oligomere for both fully and 
partly complementary RNA, compared to MP-0DN2. In 
contrast, the fully modified 2'-0-methyl analogue of 
0DN1 was a very effective and highly specific anti- 
sense sequence. This was ascribed to its inability (i) to 
induce RNA cleavage by RNase H and (li) to physically 
prevent the elongation of the polypeptide chain. 

INTRODUCTION 

Several mechamsms have been proposed for oligonucleodde-me- 
diated inhibition of translation or reverse transcription. One of 
them involves the degradation of the target RNA by RNase H 
( 1 ,2). Several modifications, introduced into oligomers to reduce 
their sensitivity to nucleases, impaired their ability to elicit RNase 
H activity. This is the case with methylphosphonates (3.4), 



phosphoramidates (5), 2'-0-allcyI RNA (6) and alpha analogues 
(4,7,8). Conqx)site oligonucleotides made of differently modi- 
fied (or unmodified) parts were prepared that aimed at combining 
different properties within a single molecule (9-11). Mixed 
metfiylphosphonate-phosphodiester oligonucleotides were syn- 
thesized in order to yield antisense sequences resistant to 
exonucleases and nevertheless able to elicit RNase H activity once 
bound to their RNA taiget (10,12). Phoq)hoi:amidate-phosphoio- 
thioate sandwich oligomers were also used against An2 cyclin 
mRNA in injected Xenopus embryos ( 1 3). Successful inhibition of 
the Ha-mr gene has been repoi^ witii 2'-C)-alkyl RNA phos- 
phodiester chimeras (14). In both An2 cyclin and Ha-ra5 
experiments the sandwich antisense sequences wm better inhibi- 
tors than eidier the phosphodiesto' DNA parent oligomer or the 
homogeneously modified oligonucleotide. This was shown to be 
related to the nuclease sensitivity of the unmodified oligonucleo- 
tides on the one hand and was ascribed to the role likely played by 
RNase H in the inhibition of translation on the other hand. 

RNases H fiom either pndcaiyotic or eukaryotic origin can act 
on mismatched RNA-43NA heteroduplexes. Therefore, RNase H 
can cleave non-taiget RNA sites exhibiting partial con^)lementar- 
ity to die antisense oligonucleotide (15), leading to non-specific 
inhibition in son^ eukaryotic cells (16,17). In order to reduce the 
cleavage of non-perfect hybrids, we and others previously used 
methylphosphonate sandwich oligomers which led to an increased 
specificity of the antisense chimeric oligomer con^Kured to the 
unmodified one (18-20). We had previously shown tiiat a ISmer, 
with a central window of five phosphodiesters inserted between 
two methylphosphonate flanks, targeted to the initiation codon 
regicHi of the rabbit a-globin mRNA, displayed some selectivity in 
the inhibition of in vitro globin synthesis, despite the presence, on 
the P-globin mRNA, of nine sites sharii^ more than 60% 
homology with the primary o-taiget site (19). 

2'-0-Alkyl oligoribonucleotides display interesting properties 
for antisense use: they are nuclease resistant and do not elicit 
RNase H activity. In contrast to methylphosphonate the chemical 
modification does not introduce a chiral center and therefore 
2'-0-aIkyl derivatives are stereochemically pure analogues. We 
extended our previous work to the use of 2'-0-alkyl RN A-phos- 
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^GGC AAG AAG GUG CUG OCU OCC UAA RNA(2S2] 



Figure 1. (a) Scheme of chemical modifications used in sandwich oligonucleotides, (b) Sequences of RNA target and antisense oligonucleoddes. The sequence of 
the initiation region of the rabbit o-globin mRNA is indicated at die top. The sense oligoiibonucleotides corresponding to the perfect target [RNA (35-55)] and to 
the sites of highest homology on the rabbit p-globin mRNA [RNA (390) and RN A(252)] are given below, bold face characters indicate the mismatched positions. The 
antisense oUgomicleodde ODN 1 was either unnnodified or prepared as the 2'-0-methyl derivative (M-ODN 1 ). ODN2 are sandwich oligomers with mediylphosphonate 
(MP-0DN2). 2'-0-methyl (M-ODN2). 2'-0-allyl (A-0DN2) or 2'-abutyl (B-0DN2) residues. Ibe underlined regions in 0DN2 correspond to the modified 
nucleotides (either 2'-0-alkyl or S' methylphosphonate). M-ODN3 is the 2'-0-methyl sequence complementary to nucleotides 1 13-129 of die P-globin message. 



phodiester DNA chimeras. We demonstrate here that selectivity 
is not restored with such oligonucleotides which bind much more 
strongly to the RNA than methylphosphonate-phosphodiester 
oligomers. But the fully 2'-C)-methyl derivative was an efficient 
and specific inhibitor of a-globin synthesis, indicating the key 
role played by RNase H in non-selective inhibition of translation 
by antisense oligonucleoddes. 

MATERIALS AND METHODS 

Oligonudeotide synthesis and analysis 

Unmodified oligodeoxynucleotides and methy^)hos[^nate sand- 
wich oligomers were synthesized on a Model 7500 Milligen 
Bioseaidi automatic syntesizer, using conventional pho^oiami- 
dite cheniistiy. They were purified in (xiB stq) by HPLX: on a reverse 
phase column eluted with an aoetonitrile gradient (10-50%) in 100 
mM ammonium acetate buffer pH 7.2. 2'-0-alkyl RNA-{^K)^odi- 
ester DNA sandwidi oligonucleotides were synthesized on an 
Applied Biosystems synthesizer nxxlel 380B using pfotected 
2'-0-all^lribonucleoside-3'-0-pho^)horamidite monomers (6) as 
well as standaxd DNA pho^)hQramidite moncnners. All sandwich 
oligom^ woe made using an amnotpropyl controlled pore glass 
sq)poit ftinctionalised with 5'43Hiimethoxytrityl-3'-0-allyluri- 
dine-2'-Osuccinate. Couplings were performed in the presence of 
tetrazole and an extended coupling time of 15 min was used After 
cleavage of base labile protecting groups the aude sandwich 
oligonucleotides were purpled 'trityl-on' reversed phase HPLC. 
The trityl group was renooved in the usual way and die oligomers 
were piuiiied once more by reversed phase HPLC. All oligonucleo- 
tides were analyzed on a 20% polyacrylamide/7 M urea gel, 
following 5' wid-labeling with [y-^^] ATP (37.5 TBq^mmol; NEN) 
and T4 polynucleotide kinase, acocfding to standard procedures 
(21). 

Oligoribonucleotides were synthesized by in vitro transcription 
with T7 RNA polymerase, prepared from an overproducing strain 
according to previously published procedures (22). Oligoribonu- 
cleotides were purified by preparative gel electrophoresis on 
polyacrylamide gels. 

Thennal denaturation profiles of oligonucleotide hybrids were 
monitorBd at 260 nm on a Uvikon 940 spectrophotometer using a 
quaitz cuvette of 1 cm optical path length. The temperature of the 
cell*holder was adjusted by circulating fluid with a HUber Ministat 
cryothermostat driven by a Htiber PD410 progranuner. Oligo- 
nucleotide concentrations were determined using molar extinction 



coefficients according to Fasman (23). RNA and DNA oligomers 
in a 10 mM cacodylate buffer pH 7.8 containing 50 mM NaG were 
pre-heated at 1(X)°C for 5 min. The solution was quenched on ice 
and magnesium acetate was added up to 1 mM. The final target 
RNA and antisense oligonucleotide concentrations were 1 and 2 
fiM, respectively. 

/ft vitro translation 

Rabbit globin mRNA (0.05 ^ig) purchased from Promega, was 
mixed with the desired oligonucleotide and added to a final 
volume of 30 ^1 of wheat germ extract (Promega), according to 
the supplier's instructions. Each sample contained 0.925 MBq of 
[3^S]niediionine (37 TB^mmol) from NEN. The reaction was 
run for 1 h at 25 ^C. ^^S-labeled proteins were analysed by 
electrc^cxesis on 15% polyacrylamide gels containing 8 mM 
Trit<»i X 100/8 M urea/5% acetic acid, as previously described 
(24). Globin synthesis was determined either from densitometer 
scanning of autc^adiogn^hs or from counting of gel slices. The 
percentage of inhibition by antisense oligonucleotides was calcu- 
lated using the ratio and Oi/oto where cq, Oq and ^, 
to the amount of a- and P-globin synthesized in the presence and 
in the absence of i molecules of oligonucleotide, respectively. 

RNA analysis 

Following in vitro translation under the above conditions, globin 
RNA was extracted with phenol and precipitated with ethanol 
according to standard procedures (21) and dissolved in sterile 
water prior to loading on a 10% polyacrylamide gel containing 7 
M urea. After electroblotting the nylon membrane was probed 
with ^^P 5^ end-labeled oligonucleotide complementary to nt 
3-19 of the P-globin RNA. Hybridization was performed as 
described previously (19). 

Geavage sites on RNA-oligonucleotide heteroduplexes by the 
endogenous wheat germ RNase H were determined using in vitro 
transcribed oligoribonucleotides. ^^p 5' end-labeled oligoribonu- 
cleotide (15 nM) were incubated widi oligodeoxynucleotide (1 
^iM) in wheat germ exb^t at 25 **C for 1 h. Following incubation, 
RNA was purified as described above and analyzed on a 20% 
polyacrylamide/? M urea gel. Digestion by Escherichia coli 
RNase H ( 1 .5 U) was performed by incubating ^^P 5^ end-labeled 
oligoribonucleotide/oligonucleotide hybrids, under the con- 
centtation conditions used for wheat germ, in 20 mM Tris-HCl 
buffer, pH 7.5 containing 10 mM MgCh. 100 mM KCl and 0.1 
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Figure 2. In vitro inhibition of rabbit globin synthesis by antisense oligonucleotides. Inhibition of a-(top) and ^globin (bottom) by ODNl (□) MP-0DN2 (■), 
M-ODN2 (OX A-0DN2 (•) or B-0DN2 (A). The relative protein synthesis was calculated as described in Materials and Methods. 



mM DTT. Qeavagc i»x)ducts were analyzed on a 20% polyacryl- 
aimde/7 M urea gel. Autoradiographs were scanned by densito- 
me&y. For each san^le, tbe relative amount of a given band was 
calculated with respect to all others (intact RNA and cleavage 
pioducts). 

RESULTS AND DISCUSSION 

We targeted the nt 37-51 region of a-giobin mRNA by antisense 
15-mer oligonucleotides. We generated, from the complementary 
unmodified phosphodiester sequence ODNl, a series of chemi- 
cally-modified d^vatives ODN2 (Fig. 1). These oligom^s, 
termed sandwich oligonucleotides, were made of three blocks: a 
c^tral phosphodiester region, five nucleotides long insefted 
b^een flanks synthesized from nuclease resistant analogues: 
metiiylphosphonale DNA (MP). 2'-C)-methyl RNA (M). 2'-Oallyl 
RNA (A) or 2'-(>butyl RNA (B) giving rise to MP-0DN2, 
M-0DN2. A-0DN2 and B-0DN2 oligonucleotides respectively 
(Fig. 1). These modified stretches, either methylphosphonate or 
2'-0-a]kyl RNA do not elicit RNase H activity. In addition we 
prepared fiilly modified 2'-0-m^yl oligoribonucleotides: 
M-ODNl, con^lementary to the same region (nt 37-51) of the 
a-globin message and M-0DN3, targeted to nt 113-129 of die 
P-globin message, diat is to the coding region. 

Inhibition of in vitro translation by a 2'-0-niethyl 
sandwidi oUgoiibonucleotide 

In wheat gemi extract, the sandwich oligonucleotide M*0DN2 
inhibited the synthesis of both a- and ^globin to the same extent, 
that is it did not display any specificity of translation inhibition . 
(Fig. 2). Therefore, it behaved like the unmodified sequence 
ODNl except that the inhibition efficiency of die 2'-0-methyl 
oligomer was lower than that of the parent unmodified sequence. 
Inhibition of ^globin synthesis can be ascribed to the presence 
on the P-message of several sites exhibiting partial homology, 
with the perfect target on the a-globin mRNA. In particular, two 
sites, RNA (390) and RNA (252). termed after the position of the 
5' nucleotide bound to the antisense oligonucleotide, exhibit a 
perfect match at 13 and 12 positions out of 15. respectively, taking 
into account a G.U pair in the 0DN2/RNA (390) duplex (Fig. lb). 



ODNl AO0Nf2 M00N2 B0DN2 




ngure 3. Noithem blot analysis of rabbit P-globin mRNA foUowing translation 
in wheat geim extract In vitro translation was peifonned in the absence (100) 
or in the presence of 5 of the antisense oligonucleotide indicated at the top 
the lane. M refers to DNA size maikeis. 



We have shown in a previous study, that non-specific inhibition of 
in vitw translation by the unmodified oligomer ODNl was due to 
its binding to these sites, on die ^globin mess^e ( 1 9), subsequent- 
ly leading to die cleavage of ^globin mRNA by RNase H. The 
association of M-ODN2 with these sites and/or others might also 
be responsible for the non-specific effect displayed by this 
oligonucleotide on in vitro glolnn synthesis. 

mRNA analysis after translation in tiie presence <tf a 
2'-0-niethyl sandwich oiigoribonucleotide 

Wheat germ extract is known to contain a class II RNase H 
activity (25). This enzyme could recognize as a substrate the 
mRNA region boimd to the phosphodiester window of M-ODN2. 
Indeed, Northern blot analysis of globin mRNA revealed that 
both a- and p-globin messages were cleaved, following transla- 
tion in wheat germ extract in the presence of M-ODN2. INvo 
major fragments of P-globin mRNA, ->400 and 250 nucleotides 
long, were detected as in die case of ODNl (Fig. 3), likely 
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Figure 4. Cleavage analysis of andsense oligonucleotide-RNA heteroduplexes. 5' End-labeled RNA (35-55) was incubated with the antisense oligonucleotide 
indicated at the top of the lane in wheat genn extract conditions used for in vitro translation. C coiresponds to RNA (35-55) incubated in the extract, in the absence 
of any complementary oligonucleotide.The RNA sequence is given to the left of the panels deduced from the alkaline hydrolysis ladder (M); the boxes indicaie the 
modified residues of the antisense sequence. 



induced by the binding of antisense oligomers to the sites located 
at positions (390) and (252). In addition, a faint band, correspon- 
ding to an RNA fragment -180 nucleotides long, was generated 
in the presence ofM-ODN2 but not in the presence of ODNl (Bg. 
3). A computer search did not reveal any significant homology of 
this region of rabbit ^globin mRNA with the target. 

It should be noted that, after in vitro translation intact ^globin 
mRNA was still observed in the presence of 5 [iM M-ODN2 but 
not in the presence of ODNl. As the stability of the complex 
formed with 2'-0-methyl sandwich oligoribonucleotide, is higher 
than that formed with the unmodified sequence (see below), this 
indicated that the modified oligomer bound to RNA formed a 
poorer RNase H substrate than ODNl. Therefore, in contrast to 
the methylphosphonate oligomer MP-0DN2 (see Fig. 2 and ref . 
19), the homologous sandwich oligomer M-0DN2 did not 
restrict RNase H activity at non-taiget site and, consequentiy, 
inhibited non-specifically globin synthesis in wheat germ extract 

Mapping of RNase H deavage sites on synthetic 
RNA-DNA duplexes 

The results obtained with MP*0DN2 on the one hand and 
M-0DN2 on the other hand, could be related to a different activity 
of RNase H on the duplexes that these oligonucleotides formed 
with RNA. Although the central window is identical in both 
sandwich oligomers, the terminal segments exhibit very different 
properties. The neutral intemucleoside linkage of methylphos- 
phonates or the presence of a bulky substituent on the 2' position 
of 2'-Oalkyl analogues could alter either the recognition of the 
duplex by RNase H or die location of its catalytic site with respect 
to the phosphodiester stretch. 



We performed a comparative analysis of a 21mer RNA [RNA 
(35-55)] corresponding to the taiget site on the a-globin message, 
associated either to ODNl or to one of the sandwich oligomer, 
after incubation in wheat germ extract. The unmodified RNA 
(35-5S)-ODNl heteroduplex led to three major cleavage sites, 
the most prominent ones being 5-8 nucleotides away from the y 
end of the DNA (Fig. 4). These sites were no longer seen for either 
of the sandwich oligomer. Instead, a strong and ahnost unique site 
appeared, shifted 3 ' (with respect to the oligonucleotide) compared 
to die ones induced by ODNl. This position, on the 5' side of die 
phosphodiester window of the sandwich oligomm, was not the 
same i(x the two types of chimeric oligonucleotides. The location 
of the cleavage site was close to the mediylf^osphonate-phos- 
phodiester junction but was two nucleotides away from the 
window side fw the 2'-0-alkyl analogues (Fig. 4). Suij^ingly, all 
sandwich oligomers also induced the release of the V terminal 
RNA residue which is four nucleotides away from the end of the 
heteroduplex. Therefore, this shows diat the binding of the enzyme 
to the duplex is altered by the chemical nature of the flanks. 

We then carried out a systematic investigation of the effect of 
both chemical modification in the antisense sequence and of 
mismatches, on the cleavage of heteroduplexes by E.coli RNase 
H. We used unmodified ODNl or sandwich oligonucleotides in 
combination with dtfaer the perfect taiget RNA (35-55) or die 
partially oon^lementary ones [RNA (390) and (252)]. The patterns 
of cleavage induced on RNA (35-55) were similar to those 
obtained in die wheat germ extract, except that the terminal 
cleavage site was not seen with sandwich oligomers MP- or 
M-0DN2 and that four sites instead of one were detected widi 
MP-ODN2 (Fig. 5). The presence of mismatches led to a 
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rOQAUQQ J^Ju^QUCUCCCCUU 
TACCACQACAQAGOG 
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AG 

J. 
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Figure 5. U)cation of the cleavage sites induced by EcoU RNasc H on RNA (35-55). RNA (390) or RNA (252) in the presence of ODNl, MP-OpN2 or M-ODN2. 
The modified residues are underlined and mismatches are indicated. Arrows indicate both the location and the relative intensities of the cleavage sites; long, medium 
and short tailed anows indicate more than 30%, between 10 and 30% or less than 10% cleavage, respectively. 



moderate effect: no new cleavage site appeared, except for the 
0DN1/RNA(252) hybrid for which all sites were shifted by one 
position (in the 3' direction with respect to the oligonucleotide). 
With MP-0DN2 only two out of the ifour sites seen with the 
perfect target can be seen with either of the mismatched hybrids. 
Identical results were obtained with M% A- and B-0DN2 (not 
shown). The general trend was a reduced yield of breakdown 
products induced by sandwich oligomers with either RNA (390) 
or RNA (252) compared to RNA (35-55). 



Stability of synthetic heterodupiexes 

Metfaylphosphonate oligonucleotides bind weakly to comple- 
mentary RNA sequences, compared to unmodified oligonucleo- 
tides, whereas 2'-0-methyl derivatives bind mare strongly 
(6,26,27). We compared the binding of sandwich oligomers or of 
ODNl, to the perfect RNA target (35-55) and to a mismatched 
one corresponding to the (390) site of the P-globin mRNA. The 
Ttti values deduced from the UV-monitored melting curves 
obtained for the difTerent mixtures are presented in Table 1. As 
expected, the MP-0DN2mNA (35-55) duplex had a Im -15*^C 
lower than die ODNl/RNA (35-55) complex under our condi- 
tions. In contrast, the fully-paired hybrid formed with M-0DN2 
melted at a higher temperature (AT= +12.5''C). The same order 
was observed for the stability of complexes formed with the 
mismatched RNA: 7m decreased in the order 
M-ODN2>ODNl>MP-ODN2. In addition, MP-0DN2 led to 
broader transitions compared to otfiers, indicating a lower 
cooperativity (not shown). This behaviour likely accounts for the 
differences obsaved betweai M-0DN2 and MP-0DN2. The high 
afiinity displayed by 2'-0-metfayl analogues leads to exceedingly 



stable duplexes, with mismatched RNA sequraces, ultimately 
leading to non-specific effects. 

Effects of other 2'-0-aIkyi sandwiches 

Can we achieve selective inhibition of translation widi sandwich 
antisense oligonucleotides, made with 2'-0-alkyl segments? In 
order to minimize RNase H activity on mismatched hybrids we 
should decrease the binding constant of the antisense sequence. 
This could be done in two ways: (i) by reducing the length of the 
oligpm^, or (ii) by increasing the size of the I'-O substituent In 
our case, the sequence of the (390) RNA site on the P-globin 
message shows the limit of the fu^t possibility: as mismatches are 
close to the ends of the duplexes, shortening the antisense 
oligonucleotide will lead to a perfect hybrid with P-globin mRNA 
as well as with a-mRNA. 

Therefore, we prepared sandwich antisense oligonucleoddes 
with bulki^ groups on the 2' position as this leads to a decreased 
affinity for the complementary sequence (6). Indeed 2'-0-allyl (A) 
and 2'-0-butyl (B) analogues of 0DN2 gave lower Tm values than 
M-0DN2 with both the complementary sequence RNA (35-55) 
and with the mismatched one CTable 1 ). Nevertheless, the Tm of the 
B-0DN2/RNA (390) duplex was still higher than the (me obtained 
with MP-0DN2. This agrees with the fact that die trend observed 
with M-0DN2 was also seen with either A-ODN2 or B-0DN2: 
these sandwich oligomers induced non specific inhibition of 
|3-globin synthesis (Fig. 2) and the cleavage of ^globin mRNA 
(Fig. 3). Moreover the same cleavage pattern was observed with 
slKMt synthetic RNA (Fig. 4). Therefore in our case we were not 
able to achieve selective translation inhibition with chimeric 
oligonucleotides containing 2'-0-alkyl RNA. We then investigated 
the effect of the fiiUy modified 2^-Omethyl oligomer, as no RNase 
H contribution to the antisense effect is expected in this case. 



IhUe 1. Melting temperatures for antisense ollgoniicieotide-4(NA heterodupiexes 
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Figure 6. In vitro inhibition of a-globin synthesis by a 2'-0-niethyl antisense 
oligonucleotide. Translation of rabbit globin mRNA was perfonned either in 
the absence (0) or in the presence of 0.! or 0.25 \iM of M-ODNl, die 
2'-Omethyl oligoribonucleotide complementary to nt 37-51 of the a-globin 
message. Experimental conditions were as described in Figure 2. 



Inhibition ofm vitro translation by I'-O-methyl 
oligoribonudeotides 

The elongating ribosome is endowed with an unwinding activity. 
Consequently, antisense oligonucleotides targeted to the coding 
region of mRNA do not inhibit translation unless they induce 
peimanent damage (crosslink or RNase H-mediated cleavage for 
instance). Indeed, M-0DN3, complementary to nt 1 13-129 of the 
P-globin message, that is to the coding region, did not induce any 
effect either on ^-globin or on a-globin synthesis up to 5 (not 
shown). This is in fair agreement with previously published results 
for alpha (4,7) or 2'-0-methyl analogues (28). These derivatives 
do not elicit RNase H activity and cannot physically airest die 
elongatiAg ribosome. 

It should be noticed that the (252) and (390) sites, partially 
complementary to ODNl, are located in the open reading frame 
of the P-message. Therefore, if RNase H is the major source of the 
non-specific inhibition of P-globin, in wheat germ extract, by the 
M-0DN2 sandwich oligomer, a fiilly modified 2'-0-mediyl 
oligmbonucleotide should di^lay a selective antisense effect 
towards a-globin. As a matter of fact, the ISmer M-ODNl, 
complementary to nt 37-51 of the a-globin mRNA induced a 
dose-dependent reduction of a-globin synthesis whereas no 
effect was seen on p-globin synthesis (Fig. 6). This is related to 
the RNase H-independent mechanism previously described for 
a-oligomers: antisense oligonucleotides targeted to the 5' leader 
region, can physically impede the initiation complex to scan the 
mRNA (24). Therefore, the high affinity of the 2'-0-modified 
ohgomer for its RNA target allows efficient inhibition of protein 
synthesis in good agreement with a recent report (28). 

CONCLUSION 

One of the major interests of antisense oligonucleotides is the 
potential selectivity which derives bom the specificity of interac- 
tion between the antisense strand and the target sequence. 
Antisense oligonucleotides 15 nt long are expected to lead to 
specific inhibitory effects (29). However, RNase H which cleaves 
the RNA target of RNA-DNA heteroduplexes, can act on 
mismatched hybrids ( 1 5,30). This might be a source for non-spe- 
cific efifects resultirig from the destruction of RNA sequences 
partially complementary to the antisense oligomer. 

The design of sandwich molecules made of a central part 
allowing RNase H activity inserted between two methylphospho- 
nate fragments, not only improved the metabolic stability of the 
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oligonucleotides compared to urmnodified ones (31), but led to 
increased specificity due to the restricted RNase H sensitivity of 
mismatched heteroduplexes (18,19). Due to the problem raised 
by stereo-isomers in methylphosphonate derivatives it was of 
interest to check whether similar properties could be displayed by 
other kinds of sandwich molecules. 

We synthesized 2'-0-alkyl sandwich oligomm with a phos- 
phodiester window of five nucleotides which corresponds to the 
lower limit to observe RNase H activity (14). We demonstrated 
here that the substitution of 2'-0-metfayl ribcmucleotides for 
niethylphosphonate residues in a sandwich 15mer drastically 
changed the behaviour of chimeric antisense sequences with 
respect to the inhibition of translation in wheat g^m extract The 
mediylf^o^honate sandwich sequence MP-0DN2, complemen- 
tary to the rabbit a-globin mRNA, displayed a higher specificity 
than the unmodified sequence. In contrast, none of the 2'-0-aIkyl 
homologues of MP-0DN2 was a selective inhibitor of translation: 
whatever the 2'-0 substituent (methyl, allyl or butyl) both a- and 
p-globin synthesis were decreased to the same extent Such 
sandwich oligomers retained the capacity shown by the unmod- 
ified oligonucleotide, to induce the cleavage of partially comple- 
mentary sites on the P-globin mRNA. The major difference 
between sandwich olig(MUicleotide-RNA hylnids resided in the 
stability of the various heteroduplexes. The 7m for the duplex 
fonned by the methylphosphonate chimeric oligomer MP-ODN2 
was much lower than that obtained with the urmiodified homolo- 
gous antisense sequence ODNl, in agreement with previous results 
(32). In contrast, all 2'-0-aU^l derivatives exhibited significandy 
higher Tm values. Therefore, the specificity of inhibition seems 
directly related to the stability of the antisense oligonucleotide- 
RNA hybrid and to the activity of RNase H on mismatched 
hybrids. 

The role played by RNase H in non-specific inhibition of in vitro 
translation is frnther suj^ported by the fact that frilly modified 
2'-0-methyl oligomer leads to a selective decrease of protein 
synthesis despite that it binds stronger to RNA than the sandwich 
oligomer. Such derivatives can prevent translation if targeted to 
the 5' leader region but not to the coding region. LasUy it should 
be pointed out that despite their increased affinity for the RNA 
target, 2'-0-alkyl sandwich oligonucleotides inhibited less 
efficientiy in vitro a-globin synthesis than MP-0DN2. This is. 
likely related to a reduced ability of 2'-0-alkyl sandwich 
oligomers to elicit RNase H. 

This work shows that exceedingly stable duplexes will give rise 
to non-specific effects when RNase H contributes to antisense 
inhibition. This will occur when long antisense sequences are 
used; similarly, conjugation of stabilizing ligands such as 
intercalating agents (29,33), will increase the affinity for both tiie 
perfect and partially complementary target sequences. The ideal 
antisense oligonucleotide should be chosen to saturate the target 
site and to simultaneously lead to negligible amounts of 
mismatched hybrids. Consequendy the oligonucleotide should be 
designed with respect to the biological milieu in whidi it will be 
used. Moreover, derivatives displaying very high afiinity might 
never allow to achieve specificity as the length of the oligomer 
showing the appropriate binding constant might be below the limit 
required to ensure the uniqueness of the targ^ sequence in the 
genome of interest 



3440 Nucleic Acids Research, 1995, VoL 23, No. 17 



ACKNOWLEDGEMENTS 

lUs w(xk was suf^xxted in part by die Association de U Re(±ercte 
axme le Cancer. B. L. is a ledpieot of a DRET fellowship. We 
gratefully acknowledge C. Cazenave for a genmus gift of T7 RNA 
pdymerase. 



REFERENCES 

1 Tbulmd. J. J. (1992) In J. A. H. Munay (ed.), Antisense RNA and DNA. 
Wiley Inc., New-Yoilc. pp. 175-194. 

3 MahernLLJ.andDolnick,B.J.(1988)^uc/eiCi4cid!f/?ef..l6. 
3341-3358. 

4 Cazenave. C, Stein, C. A., Loreau, N., Thuong, N. T, Ncckcre. L. M, 
Subasinghe, C, H^l^. C. C6hen, J. S. and Toulm^ J. J. (1989) NucUic 
Acids Res., 17.4255-4273. 

5 Shaw. J. R. Kent, K., Bini, J.. Fisbback. J. and Firoehler. B. (1991) Nucleic 
Acids Res., 19.747-750. 

6 Lamond, A. I. and Sproat. B. S. (1993) FEBS Utt,, 325. 123-127. 

7 G^gnor, C. Bertrand. J. R., Thenet. S., Lemaitre, M.. Morvan. E. Rayner, 
B.. Malvy. C. Lebleu. B.. Imbach. J. L. and Faoletd. C. (1987) Nucleic 
Acids Res., 15. 10419-10436. 

8 Chaix. C. Toulm6. J.-J.. Morvan, F.. Rayner. B. and Imbach. J.-L. (1993) 
In Lebleu3. and Crooke^S.T. (eds) Antisense Research and Applicaiions. 
CRC Press, Boca Ratrai, FL, pp. 224-234. 

9 Wyatt J. R. and Walker, G. T. (1989) Nucleic Acids Res., 17, 7833-7843. 

10 FuIdon,RJ..I>ominski,Z.andKole.R.(1989)^lfc^(cAcid:I/^eJ..17^ 
9193-9204. 

11 Metelev,V.G.,Zayaldna,G.V..lfyabushenkaLUKiynetskaya,N.F.. 
Romanova, E A.. Oretskaya, T. S. and Shabarova, Z. A. (1988) FEBS 
ttfJt. 226. 232-234. 

12 Quartin, R. S., Brake!, C. L. and Wetimir, J. G. (1989) Nucleic Acids Res., 
17,7253-7262. 

13 Dagle, J. M., Wakler. J. A. and Weeks, D. L. (1990) NucUic Acids Res.M 
4751-4757. 



14 Monia. B. P.. Lesnik, E A.. Gonzalez, C, Uma. W. F.. Mcgee. D.. 
Guinosso, C. J., Kawasaki. A. M.. Cook, R D. and Frcier. S. M. (1993) J. 
Biol, Chenu, 268. 14 514-14 522. 

15 Cazenave. C, Loreau. N., Thuong, N. T., TouUn6, J. J. and H61dne. C. 
(1987) Nucleic Acids Res., 15. 4717-4736. 

16 Smith, R. C. Bement. W. M.. Dcrsch, M. A., Dwofkinrastl, E. Dwoikin. 
M. B. and Capco, D. G. (1990) Development. 110. 769-779. 

17 Shunlewoith,J.andColman,A.(1988)£MVO/.7,427-^34. 

18 Giles, R.V. and Tidd.D.M. (1992) iViic/tficAcidr^ej.. 20. 763-770. 

19 Lanouy. B., Blonski, C, Boiziau, C, Stuer, M., Moreau, S., Shire. D. and 
Toulm^, J. J. (1992) Gene, 121. 189-194. 

20 Giles. R.V. and ridd,D.M. (1992) Aiift'.CamrerZ2rv;Def., 7, 37--48. 

21 Samtwook,J.,I^tsch,EEandManiatis,T.(1989)Mt^^ 
Laboratory Manual, Cold Spring Harbor Laboratoiy, Cold Spring Haibor, 
NY. 

22 Milligan. J. F. Groebe. D. R.. WithereU. G. W. and Uhlenbeck, O. C. 
(1987) Nucleic Acids Res., 15. 8783-8798. 

23 Fasman, G. ( 1 975) Handbook of Biochemistry and Molecular Biology. 
Nucleic Acids. CRC Press; Qeveland. OH, pp. 589. 

24 Boiziau, C. Kurfurst, R., Cazenave, C, Roig. V.. Thuong, N. T. and 
Touhn^. J. J. (1991) Nucleic Acids Res., 19. 1 113-1119. 

25 Cazenave. C, Frank. P. and BUsen. W. (1993) Biochimie, IS, 113-122. 

26 Miller, R S. (1989) In Cohen J.S. (ed.) Oligodeoxynucleotides: Antisense 
Inhibitors of Gene Expression. MacMillan Press; London, pp. 79-96. 

27 Morvan, F., Ponimb, H.. Degols, G., Lefebvre, I., Pompon. A.. Sproat, B. 
S., Rayner. B.. Malvy. C. Lebleu. B. and Imbach, J. L. (1993) /. Med 
Chem., 36. 280-287. 

28 Jdiansson,H.E.BeIsham,G. J., Sproat. B.S. and Hentze.M.W. (1994) 
NucUic Acids Res., 22. 4591^598. 

29 IWitot, C. and Toulm^. J. J. (1989) In J. S. Cohen (ed.) OUgodeoxynucUo- 
tides: Antisense Inhibitors of Gene Expression. MacMillan Ptess, London, 
pp. 137-172. 

30 WMlf.TM..MelttMi.D. A. and Jennings, C.G.B. (1992) Froc.Mtfl 
Acad ScL USA, 89. 7305-7309. 

31 Tidd, D.M. and Warenius,H.M. (1989) Sr/Guicer. 60. 343-350. - 

32 Quartin, R. S. and Wetmur, J. G. (1989) Biochemistry. 28, 1040-1047. 

33 Toubn6, J. J.. Krisch. H. M.. Uieau. N.. Thuong. N. T. and H£l^ C. 
(1986) Pwc. NatL Acad ScL USA, 83, 1227-1231. 



Journal of Virology, Nov. 1996, p. 7974-7983 
0022.538X/96/$04.00+0 

Copyright ® 1996, American Society for Microbiology 



Vol. 70, No. 11 



Genetic Map of the Calicivirus Rabbit Hemorrhagic Disease 
Virus as Deduced from In Vitro Translation Studies 

CHRISTOPH WIRBLICH,t HEINZ-JURGEN THIEL,t and GREGOR MEYERS* 
Federal Research Centre for Virus Diseases of Animals, 72001 TUbingen, Germany 

Received 26 February 1996/ Accepted 25 July 1996 

The 7.5-kb plus*stranded genomic RNA of rabbit hemorrhagic disease virus contains two open reading 
frames of 7 kb (ORFl) and 351 nucleotides (0RF2) that cover nearly 99% of the genome. The aim of the present 
study was to identify the proteins encoded in these open reading frames. To this end, a panel of region-specific 
antisera was generated by immunization of rabbits with bacterially expressed fusion proteins that encompass 
in total 95% of the ORFl polyprotein and almost the complete ORF2 polypeptide. The antisera were used to 
analyze the in vitro translation products of purified virion RNA of rabbit hemorrhagic disease virus. Our 
studies show that the N-terminal half of the ORFl polyprotein is proteolytically cleaved to yield three 
nonstructural proteins of 16, 23, and 37 kDa (pi 6, p23, and p37, respectively). In addition, a cleavage product 
of 41 kDa which is composed of VPg and a putative nonstructural protein of approximately 30 kDa was 
identified. Together with the results of previous studies which identified a trypsin-like cysteine protease (TCP) 
of 15 kDa, a putative RNA polymerase (pol) of 58 kDa, and the major capsid protein VP60, our data establish 
the following gene order in ORFl: NH2-pl6-p23-p37 (helicase)-p30-VPg-TCP-pol-VP60.COOH. Immunoblot 
analyses showed that a minor structural protein of 10 kDa is encoded in ORF2. The data provide the first 
complete genetic map of a calicivirus. The map reveals a remarkable similarity between caliciviruses and 
picomaviruses with regard to the number and order of the genes that encode the nonstructural proteins. 



The genome of rabbit hemorrhagic disease virus (RHDV), a 
recently identified member of the family Caliciviridae (10, 38, 
40, 51), consists of a single plus-stranded RNA of 7,437 nucle- 
otides that has VPg attached covalently to the 5' end and is 
polyadenylated at the 3' end. In addition to the genomic RNA, 
RHDV produces a subgenomic RNA of 2.2 kb that covers the 
3' third of the genome. Both the genomic and the subgenomic 
RNAs are packaged in nonenveloped icosahedral capsids that 
consist of the major structural protein VP60 (31, 32). Sequence 
analysis of the RHDV genome revealed an open reading frame 
of 7 kb (ORFl) that encodes a hypothetical polyprotein of 257 
kDa. The extreme 3' region of the RHDV genome contains a 
second open reading frame, of 351 nucleotides (ORF2), that 
overlaps ORFl by several nucleotides and encodes a hypothet- 
ical polypeptide of 12.7 kDa. As shown by sequence compar- 
ison, the ORFl polyprotein contains a putative RNA helicase 
and an RNA polymerase that are homologous to the 2C and 
3D proteins of picomaviruses, respectively (31). A trypsin-like 
cysteine protease (TCP) of caliciviruses that is similar to the 
2A and 3C proteases of picomaviruses has been identified 
recently (5, 54). This protease is located in the central part of 
the ORFl polyprotein upstream of the putative RNA polymer- 
ase and the major capsid protein; the latter covers the C- 
terminal part of the ORFl polyprotein. A similar genome 
organization has been reported for feline calicivirus (FCV) and 
two human caliciviruses, Norwalk virus and Southampton virus 
(7, 22, 27, 36, 37). These viruses, however, differ from RHDV 
in having two open reading frames of approximately 5.2 and 2 
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kb that encode the putative nonstructural proteins and the 
major capsid protein, respectively. A third open reading frame, 
homologous to ORF2 of RHDV, is present in the 3' region of 
the genome (7, 8, 22, 27, 37). 

Previous studies have shown that RHDV expresses two cap- 
sid protein species that probably differ by only two aniino acids 
at their amino termini (5, 39, 54). The larger capsid protein, 
which constitutes the major structural protein in mature viri- 
ons, is generated by translation of the subgenomic RNA, while 
the minor derivative is produced by translation of the genomic 
RNA and subsequent proteolytic processing at an EG dipep- 
tide at the polymerase-capsid protein boundary. The latter 
cleavage occurs 2 amino acids downstream of the N-terminal 
methionine of the major capsid protein species and is carried 
out by the TCP encoded in the central part of ORFl. The TCP 
also exhibits self-cleavage at its N- and C-terminal boundaries. 
In a recent study the ORFl polyprotein was found to be 
cleaved into four primary processing products, p80, p43, p73, 
and VP60; VP60 represents the viral capsid protein (1). The 
80-kDa protein (pSO) contains the 2C-like protein, while p73 
encompasses the 3C-like protease and the putative polymer- 
ase. 

In the present paper we report the generation of a panel of 
region-specific antisera that are directed against different parts 
of the ORFl polyprotein and the ORF2 polypeptide. The 
antisera were used to study the proteolytic processing of the 
ORFl polyprotein in rabbit reticulocyte lysates and to analyze 
the protein composition of purified virions. The results of these 
studies provide a complete genetic map of RHDV that assigns 
all of the proteins identified so far by in vitro translation, 
expression in bacteria, and analysis of RHDV virion^ to their 
coding sequences in the genome. 

MATERIALS AND METHODS 

Plasmid construction and expression in Escherichia coli. The pEX-34 vectors 
have been described previously (52, 54). Standard cloning procedures were used 
to construct the expression plasmids. The relevant features of the plasmids are 
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TABLE 1. Expression of RHDV cDNA fragments inE. coli 



Construct 


Serum 








Amino acids* 


Molecular mass (kDa^' 


Vector/restriction 
site(s)'' 


Nucleotides 


Restriction sites 


Amino acids 


RHDV 


Total 


Predicted 


Observed 


pEX-A 


A 


33-918 


Bgll'Nhel 


9-303 




HJ 1 


48.4 




NBarnS^ 


pEX-B 


B 


33-344 


Bgll'Narl 


9-112 


104 




9S 0 




AJBamHl 


pEX-C 


C 


343-705 


Narl-Styl 


112-232 


121 


242 


27.1 


31 


A/EcoKl, BamHi 


pEX-D 


D 


702-918 


Styl-Nhel 


232-303 




90^^ 


99 k 




B/EcoRl 


pEX-E 


E 


1186-2113 


Kpnl-Sacl 


393-702 


310 


Hjj 


*tO 




A/EcoRl 


pEX-F 


F 


2118-3080 


Sacl'EcoKl 


704-1023 


320 


456 


51 


52 


B/EcoRl 


pEX-G 


G 


2118-2634 


Sacl'Bspm 


704-875 


172 


292 


33.3 


31 


B/EcoRl 


pEX-H 


H 


Zo31-3UoU 


Dspril-hcoKl 


875-1023 


149 


285 


31.4 


32 


B/tcoRl 


pEX-I 


I 


3077-3517 


EcoKl-Kpnl 


1023-1170 


148 


276 


31.1 


31 


B/EcoRl BamHl 


pEX-J 


J 


3522-4004 


Kpnl'HindUl 


1172-1332 


161 


296 


32.9 


33 


A/EcoRl 


pEX-K 


K 


4001-5189 


Hindin-Xhol 


1332-1727 


396 


506 


56.6 


55 


B/BamHl, Pstl 


pEX-L 


L 


4001-5398 


Hindlll-Bamm 


1332-1796 


465 


601 


67.1 


66 


B/BamUl 


pEX-M 


M 


5395-7047 


BamUhBamHl 


1796-2344 


549 


653 


69.2 


72 


B/BamHl 


pEX-N 


N 


7044-7437 


EcoRl'EcoRl 


7'-117' 


111 


210 


23 . 


25 


B/EcoRl 


pEX-Q 




33-1181 


Bgll-Kpnl 


9-390 


382 


504 






A/BamHl 


pEX-R 




343-1181 


Narl-Kpnl 


112-390 


279 


395 






A/EcoRl BamHl 


pEX-S 




702-1181 


Styl-Kpnl 


232-390 


159 


275 






B/EcoKl BamHl 


pEX-T 




916-1181 


Nhel-Kpnl 


303-390 


88 


204 






AlEcoRl, BamHl 



" Indicated are the nucleotide positions (numbered from the 5' end of the RHDV genomic RNA) and the corresponding amino acids of the ORFl or 0RF2 (pEX-N) 
protein (numbered from the first methionine in ORFl or ORF2). Except for constructs pEX-M and pEX-N, protruding ends were treated with Klenow polymerase 
to produce blunt ends. 

Indicated are the number of amino acids encoded in the RHDV cDNA fragments and the total number of amino acids of the fusion proteins. 
^ Predicted molecular mass indicates the size of the fusion proteins calculated from the amino acid sequence. Observed molecular mass indicates the apparent sizes 
(by SDS-PAGE analysis) of the fusion proteins. Expression of plasmids pEX-0, pEX-R, pEX-S, and pEX-T did not yield detectable amounts of the expected fusion 
proteins. 

Indicated are the expression vectors pEX34A and p£X34B (A and B, respectively) and the restriction sites used to insert the cDNA fragments (see footnote a). 



described in Table 1. Expression of the recombinant plasmids in E. coU^ purifi- 
cation of the fusion proteins, and immunization of rabbits were carried out as 
previously described (.53, 54). 

Virus purification and RNA isolation. Rabbits experimentally infected with 
RHDV were sacrificed in a moribund state or shortly postmortem. The livers of 
the animals were removed, dissected into small pieces, and homogenized in 
phosphate-buffered saline (PBS) at 0**C. Large debris was removed by centrifu- 
gation in a JA 10 rotor (Beckman) for 20 min at 9,000 rpm (14,300 x g). The 
clarified supernatant was then transferred in 38-ml thin-walled centrifuge tubes 
(28 ml per tube), underlaid with 8 ml of 30% (wtA'ol) sucrose in PBS, and 
centrifiiged for 2.5 h at 25,000 rpm (112,000 Xg) 'm& TST28 rotor (Kontron). 
The supernatant was removed, and the pelleted material was resuspended in 
PBS. For Western blot (immunoblot) analysis of viral particles, the suspension 
was further purified as described below. For RNA isolation, the virus suspension 
was treated as follows. The resuspended material was extracted several times 
with Freon 113. To effect phase separation, the mixture was centrifuged for 5 min 
at 1,000 X 4'. Viral particles in the aqueous phases were collected by centrifu- 
^tlon for 1.5 h at 40,000 rpm (287.000 x g) in a TST41 rotor (Kontron). The 
virions were resuspended in 2 ml of RNA lysis mix (4 M guanldine thiocyanate, 
0.5% sarcosyl, 25 mM lithium citrate, 0.1 M p-mercaptoethanol), and the lysate 
was layered on a 2-ml cushion of 5.7 M CsCl-5 mM EDTA-10 mM Tris (pH 7.5) 
in a 5-ml tube and centrifuged at 36,000 rpm (164,000 X ^) in a TST55 rotor for 
at least 18 h at 20°C. The pelleted RNA was dissolved in diethylpyrocarbonate 
(DEPC)-lreaied water, precipitated with ethanol, and finally dissolved in DEPC- 
treated water. 

lodination of VPg. One microgram of RHDV RNA was used as the starting 
material for protein labeling with Na^^I by the chloramine-T method (17). After 
completion of the labeling, the RNA was degraded with RNase as described 

before (32). 

Western blot analysis of viral particles. The first steps of virus purification 
were carried out as described above. After the virus particles were pelleted 
through a 30% sucrose cushion, the particles were resuspended in PBS and 
layered on top of a CsCl step gradient consisting of 5 ml of a CsCI solution with 
a density of 1.65 g/ml and 5 ml of a CsCl solution with a density of 1.28 g/ml in 
PBS in a TST28 centrifuge bottle. The step gradient was centrifuged for 3 h at 
22,000 rpm (87,000 x ^) in a TST28 rotor at 20°C. After centrifugation, the tubes 
were punctured at the interface of the two CsCl solutions, and the virus particles 
were removed, dialyzed against PBS, and finally boiled in protein sample buffer. 
Western blot analysis was then carried out as described previously (53). 

In vitro translation and immunoprecipitation. One microgram of RHDV 
RNA was heat denatured at 65''C for 5 min in a total volume of 10 (il, chilled on 
ice, and used as a template for in vitro translation in 35 jxl of nuclease-trealed 
rabbit reticulocyte lysate (RRL) (Promega) as suggested by the supplier. 
[^^SJmethionine (Amersham, Braunschweig, Germany; 1,000 |iCi/mmol) was 



used at a concentration of 1 p-Ci/p-l to label the synthesized proteins. For im- 
munoprecipitation analysis, the translation reaction mixture was diluted with 4 
volumes of RIP buffer A (1% Triton X-100, 0.1% sodium desoxycholate, 0.1% 
sodium dodecyl sulfate [SDS], 20 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 
pH 7.5) and 1 volume of 10% SDS. The mixture was heated at 95*'C for 10 min, 
cooled on ice, and sonicated for 10 to 20 s. Thereafter, lysates were cleared by 
centrifugation for 1 h at 45,000 rpm in a TLA 45 rotor (Beckman), and the 
supernatant was saved for further analysis. The antisera used for immunopre- 
cipitation generally were preincubated with 10 volumes of a 10% suspension of 
Staphylococcus aureus bacteria prepared as described by Kessler (23). The anti- 
body-5. aureus mixture was incubated at room temperature for 1 h with periodic 
shaking; this was followed by two washes in RIP buffer A to remove unbound 
antibodies. The antibody-.S\ aureus mixture was then resuspended in RIP buffer 
A to give a 10% suspension, and 10 to 50 m-I of this suspension was added to the 
pretreated in vitro translation mixture. After 1 h of shaking at room temperature, 
the bacteria were pelleted and the supernatant was either discarded or subjected 
to a second immunoprecipitation. The pelleted bacteria of the first and second 
immunoprecipitations were resuspended in RIP buffer A and layered on a 2-ml 
cushion of RIP buffer D (25% sucrose, 1% Triton X-100, 0.5% sodium desoxy- 
cholate, 0.1% SDS, 0.2% bovine scrum albumin, 20 mM Tris-HCl, 100 mM 
NaCI, 1 mM EDTA, pH 7). The bacteria were pelleted for 15 min at 5,000 rpm 
at 4''C, the supernatant was removed, and the pellet was washed once with 1 ml 
of RIP buffer B (1% Triton X-100, 0.5% sodium desoxycholate, 0.1% SDS, 20 
mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.5) and once with 1 ml of RIP 
buffer C (0.2% Triton X-100, 20 mM Tris-HQ, 100 mM NaQ, 1 mM EDTA, pH 
7). The bound immune complexes were then eluted in sample buffer by heating 
for 10 min at 95'*C. The S. aureus bacteria were removed by centrifugation, and 
the supematants were analyzed on SDS-polyacrylamide gels as described previ- 
ously (12, 47). After electrophoresis, the gels were processed for fluorography 
with En-'Hance as recommended by the supplier (New England Nuclear, Boston, 
Mass.), dried, and exposed to Kodak XAR-5 X-ray films at -70*C. 

RESULTS 

Generation of region-specific antisera. The strategy chosen 
to generate region-specific antisera involved the production of 
several fusion proteins encompassing different regions of the 
ORFl polypeptide and the ORF2 polypeptide and the use of 
these proteins for immunization of rabbits. Table 1 and Fig. 1 
summarize the relevant features of the plasmids that were 
constructed for the expression of RHDV cDNA fragments in 
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FIG. 1. Schematic representation of the RHDV genome and the cDNA fragments expressed in E. coli. The open reading frames ORFl and ORF2 are indicated 
by bars. An amino acid scale is drawn above ORFl. TTie cDNA fragments A to N expressed in E. coli are indicated below the genome as shaded bars. The bottom part 
shows a hydrophilicity plot of the ORFl polyprotein. The diagram was generated with the program PEPPLOT by using the algorithm of Kyte and Doohtde and a 
window size of 20 amino acids. Vertical broken lines indicate the boundaries of the polyprotein segments that are encoded by the cDNA fragments A to M, Gray shading 
is used to mark the part of the hydrophilicity plot corresponding to amino acids 303 to 390 of the polyprotein. This part could not be expressed in E. coli. AS, amino 
acids. 



E. coli and of the fusion proteins encoded by these plasmids. In 
each of these plasmids, the RHDV cDNA fragment was fused 
in frame to the first 97 to 99 codons of the RNA polymerase 
gene of bacteriophage MS2; thus, each of the fusion proteins 
encoded by plasmids A to T comprises about 11 kDa of the 
MS2 polymerase in addition to the polypeptides that are spec- 
ified by the RHDV cDNA fragments. Antibodies against the 
MS2 polypeptide could therefore be used to identify the ex- 
pression products by Western blot analysis. Fusion proteins of 
the expected size were produced upon induction of bacteria 
harboring plasmids A to N, and each fusion protein was rec- 
ognized by antibodies against the MS2 polymerase in Western 
blot analyses (data not shown). The fusion proteins appeared 
as insoluble aggregated material (inclusion bodies), and only a 
small amount of fusion protein was detected in the soluble 
fraction (data not shown). Highly purified fusion proteins were 
prepared by centrifugation of the bacterial lysate and extrac- 
tion of the inclusion bodies with 7 M urea (Fig. 2). Considering 
expression of different parts of the ORFl polyprotein, SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 
the 7 M urea extract revealed an enormous variation in the 
fusion protein yields. The smallest amount was obtained for 
fusion proteins G and F. 

For plasmids Q to T, fusion proteins of the expected size 
were not detectable in the 7 M urea extract. Western blot 
analyses confirmed that these proteins either were not pro- 
duced or were present in very small amounts (not shown). 
Bacteria harboring these plasmids ceased to grow after induc- 
tion, which suggested a toxic effect of the fusion proteins. 
Because each of the plasmids Q to T contained a short part of 
ORFl from nucleotide 915 to 1185 that encodes the most 
hydrophobic part of the polyprotein (amino acids 303 to 390 
[Fig. 1]), we suspect that this part is responsible for the toxic 
effect of the fusion proteins. 

The fusion proteins A to N were further purified by prepar- 
ative SDS-gel electrophoresis and used to immunize rabbits. 
The reactivities of the generated antisera were assessed by 



immunoprecipitation and Western blot analyses. Each of the 
antisera recognized its viral antigen(s), as shown below. 

Location of the sequence coding for VPg. Both the genomic 
and subgenomic RNAs of RHDV carry a VPg of approxi- 
mately 15 kDa at their 5' ends (32). To determine the location 
of the coding sequence of this protein, virion RNA was labeled 
with radioactive iodine, and the RNA was subsequently de- 
graded with RNase. As shown in Fig. 3, VPg was the only 
abundant protein in the sample (lane 11). The labeled material 
was subjected to immunoprecipitation with various region-spe- 
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FIG. 2. SDS-PAGE analysis of fusion proteins A to N. Plasmids p£X-A to 
pEX-N were expressed in E. coli. At 2.5 h after induction, the cells were lysed 
and insoluble material was collected by centrifugation. The pellet was washed 
with 1 M urea and homogenized in 7 M urea-0.1% Tween 20. Aliquots of the 7 
M urea extract were then electrophoresed in an SDS-10% polyacrylamide gel, 
and proteins were visualized by staining with Coomasste blue. Lane M, markers. 
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FIG. 3. Location of VPg-coding sequence. Immunoprecipilation of iodinated 
VPg with region -specific antisera is shown. RNA was isolated from purified virus 
particles and labeled with ^-^I. The RNA was then degraded with RNase, and the 
radioactive material was subjected to immunoprecipilation. The RNase-digested 
sample (lane 1 1} and the immunoprecipitates (lanes 1 to 10) were electropho- 
resed in an SDS-12% polyacrylamide gel. Lanes II and 12, sera from two 
different rabbits which were both immunized with fusion protein I. Letters above 
the tanes indicate the antisera that were used for immunoprecipitation. NS, 
preimmune serum. A schematic diagram of the ORFl polyprotein is shown 
below the gel. The position of the VPg is indicated by a black bar extending from 
segment H into segment I of the polyprotein. For the features of the different 
antisera see also Table 1. 



cific antisera. VPg was recognized by antisera against segments 
F, H, and I of the polyprotein but not by antisera against 
segments E, G, J, L, and N (Fig. 3). This experiment showed 
that the VPg extends from segment H into segment I of the 
polyprotein. 

Proteolytic processing of the ORFl polyprotein in vitro and 
identification of nonstructural proteins. A tissue culture sys- 
tem for propagation of RHDV is not available. We therefore 
decided to study the proteolytic processing of the ORFl 
polyprotein in vitro, using RRLs. Translation reactions were 
programmed with viral RNA isolated from purified viral par- 
ticles. These RNA preparations contained the genomic RNA 
and the subgenomic RNA of RHDV (Fig. 4A). Pilot experi- 
ments confirmed our prediction that the ORFl polyprotein of 
RHDV is proteolytically cleaved in the RRL, since a variety of 
discrete bands was detected instead of the full-length ORFl 
polyprotein of about 260 kDa (Fig. 4B). To identify the cleav- 
age products, the translation reaction mixtures were subjected 
to immunoprecipitation with the complete panel of region- 
specific antisera. 

Immunoprecipitation with the anti-B serum led to the de- 
tection of one major band of 16 kDa (pl6) (Fig. 5, lane 2). The 
same protein also reacted with the anti-A serum, which pre- 



FIG. 4. Demonstration of RNA derived from RHDV virions and its in vitro 
translation products. (A) Northern blot with RNA isolated from gradient-puri- 
fied RHDV virions hybridized against an RHDV-specific probe. The size of an 
RNA ladder is indicated. (B) SDS-PAGE analysis of products generated by in 
vitro translation of the RNA shown in panel A in the presence of p-^S]methi- 
onine. 



dominantly precipitated a polypeptide of 23 kDa (p23) (Fig. 5, 
lane 3). p23 represents the major product recognized by the 
anti-D serum (Fig. 5, lane 4). From these findings it was con- 
cluded that (i) pl6 comprises the extreme N-terminal part of 
the ORFl polyprotein and (ii) pl6 most likely does not overlap 
p23. With regard to the molecular masses, it is probable that 
p23 immediately follows pl6 and that the C terminus of p23 is 
located between segments D and E of the polyprotein. The 
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FIG. 5. Immunoprecipitation of in vitro translation products derived from 
the 5' region of the RHDV RNA. RHDV RNA isolated from purified viral 
particles was translated in RRLs for 1 h at 30°C in the presence of [^'^SJmethi- 
onine. The translation products were identified by immunoprecipitation with the 
indicated region-specific antisera and SDS-PAGE analysis of the precipitated 
proteins. A schematic representation of the N-terminal part of the ORFl 
polyprotein is shown at the right. The segments of the polyprotein that are 
recognized by the antisera are indicated above the polyprotein. The proteins that 
were precipitated by the antisera are shown as black bars below the polyprotein. 
The features of the antisera are summarized in Table 1. 
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failure to detect p23 with the anti-E serum (Fig. 5, lane 5) was 
consistent with this conclusion. Instead, the anti-E serum rec- 
ognized a major band of 37 kDa (p37). The quantities of other 
bands visible in Fig. 5 varied considerably in different experi- 
ments, whereas pl6, p23, and p37 were consistently detected as 
prominent bands. This finding indicates that these other bands 
probably correspond to uncleaved products encompassing two 
final products (i.e., bands in the range of 60 kDa) or products 
of internal initiation, which was always observed after in vitro 
translation of RHDV RNA. Taken together, the above-de- 
scribed data showed that the N-terminal third of the ORFl 
polyprotein is processed in vitro into three major proteins of 
16, 23, and 37 kDa which are arranged in the order NH2-pl6- 
p23-p37-. . .-COOH. 

To identify the proteins derived from the central part of the 
polyprotein, antisera against regions F, G, H, I, and J were 
used (Fig. 6A). Immunoprecipitation with the anti-G serum 
revealed a strong band of 41 kDa, which was also detected by 
the anti-F, anti-H, and anti-I sera but not by the anti-J serum. 
This result demonstrated that p41 covers part of segment I but 
does not reach into segment J of the polyprotein. In addition to 
p41, the antisera recognized several proteins with higher mo- 
lecular masses. A protein of 117 kDa (pi 17) was detected by all 
five antisera, and a protein of 87 kDa (p87) was detected by all 
antisera except the anti-G serum. In some lanes of Fig. 6A the 
latter two proteins are barely visible, because a substantial 
smear of translation products occurred in the high-molecular- 
mass range. This smear was particularly prominent in immu- 
noprecipitations with the anti-F and anti-G sera but was also 
observed with other antisera. To reduce this background, a 
modified immunoprecipitation procedure that consisted of two 
sequential immunoprecipitations with different antisera was 
employed (Fig. 6B). Immunoprecipitation with the anti-F se- 
rum resulted again in an intense background smear that com- 
pletely obscured p87 and pi 17, whereas p41 was still visible as 
a distinct band (Fig. 6B, lane 2). When two sequential immu- 
noprecipitations were performed with anti-E as the first serum 
and anti-F as the second serum, both p87 and pll7 were clearly 
visible as distinct bands (Fig. 6B, lane 3). Obviously, most of 
the high-molecular-mass smear was removed by the first im- 
munoprecipitation with the anti-E serum, whereas p87 and 
pi 17 remained in the supernatant and were precipitated by the 
anti-F serum in the second round of immunoprecipitation. A 
comparison of lanes 2 and 3 of Fig. 63 revealed that the . 
immunoprecipitation with anti-E serum also removed a 37- 
kDa band which was detected as a faint band by the anti-F 
serum in lane 2. This finding indicates that the 37-kDa band is 
identical to p37 described above. Taking together the results 
from Fig. 6A and B, the following conclusions can be drawn, (i) 
p41 and pi 17 probably possess the same N terminus, because 
both are recognized by the anti-G serum but not by the anti-E 
serum, (ii) There is probably no additional cleavage product 
between these proteins and the cleavage product p37, which 
implies that p41 immediately follows p37 in the ORFl polypro- 
tein. (iii) p87 lacks the N-terminal region of p41 and pi 17, 
since it is not recognized by the anti-G serum, (iv) p87 overlaps 
the C-terminal part of p41, since both proteins are recognized 
by the anti-F and anti-I sera, (v) p41 does not contain the 
protease and most likely ends with amino acid 1108, which 
represents the PI position of a previously determined cleavage 
site (54). (vi) Finally, p41 contains one cleavage site and is 
therefore composed of two proteins. One of these proteins is 
represented by Wg, which extends from region H into region 
I of the polyprotein and covers the C-terminal third of p41 
(Fig. 3). The other protein covers the N-terminal two-thirds of 
p41 and encompasses the region between p37 and VPg. On the 
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FIG. 6. Proteins encoded in the central region of the RHDV RNA. RHDV 
RNA isolated from purified viral particles was translated in RRLs for 1 h at 30^0 
in the presence of [^^Slmethionine. The translation products were then identified 
by immunoprecipitation with the indicated region-specific antisera and SDS- 
PAGE analysis of the precipitated proteins. In one experiment the translation 
mixture was first subjected to immunoprecipitation with the anti-E serum, and 
the supernatant obtained was then subjected to immunoprecipitation with the 
anti-F serum (panel B, lane 3). Lane 2 in panel B shows the proteins that were 
recognized by the anti-F serum without prior precipitation with the anti-E serum. 
The dashes indicate that no second immunoprecipitation was performed. NS, 
preimmune serum. A schematic representation of the ORFl polyprotein is 
shown below the gels. The locations of the precipitated proteins are indicated 
below the polyprotein, and the segments of the polyprotein that are recognized 
by the antisera are indicated above the polyprotein. For features of the antisera, 
see also Table 1. AS 1 and AS 2, antisera for the first and second precipitations, 
respectively. 



basis of the molecular masses of p87 and pi 17 and assuming 
that both proteins have identical C termini, the postulated 
cleavage product that resides in the N-terminal parts of pi 17 
and p41 has an estimated size of 30 kDa. From now on this 
protein will be referred to as p30. It should be noted, however, 
that neither p30 nor VPg was detected after in vitro transla- 
tion. As shown by the formation of p87, the cleavage site at the 
boundary of these proteins is recognized in the RRL, suggest- 
ing that the VPg and the preceding nonstructural protein are 
unstable in the RRL. Protein p41 is most likely identical to the 
previously described p43 (1). 

The data outlined above show that p41 extends to the N- 
terminal boundary of the protease, which is located in segment 
I of the polyprotein. It was therefore anticipated that the cleav- 
age product that follows p41 should be recognized by the anti-I 
and anti-J sera but not by the anti-H serum. Figure 6A reveals 
two translation products, of 69 and 76 kDa, that satisfy these 
criteria. The larger protein, p76, was readily visible after im- 
munoprecipitations with the anti-I serum, whereas the smaller 
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FIG. 7. Processing products derived from the 3' half of the ORFl polyprotein. RHDV RNA was translated in RRLs and analyzed by immunoprecipitation as 
described for Figs. 5 and 6. The antisera used are indicated above the gel. The right part of the figure shows a schematic representation of the ORFl polyprotein. The 
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protein, p69, was barely detectable with this antiserum, sug- 
gesting that p69 is not part of segment L Both proteins extend 
beyond the C terminus of the protease, which is 15 kDa in size 
(54), and contain at least part of the polymerase. This is also 
the case for the cleavage products p87, pi 17, and a protein of 
120 kDa (pl20), the largest protein recognized by the anti-J 
serum (Fig. 7, lane 4). Additional proteins extending into the 
putative polymerase were detected by the anti-K serum (Fig. 7, 
lane 1). Since these proteins were 68 to 120 kDa in size, which 
is larger than the calculated molecular mass of the polymerase 
(58 kDa), it was concluded that most or all of these proteins 
extend beyond the C terminus of the polymerase into the 
capsid protein. This conclusion was supported by immunopre- 
cipitation with antiserum against fusion protein M, which cov- 
ers the C-terminal 58 kDa of the ORFl polyprotein. As ex- 
pected, this antiserum precipitated a major band of 60 kDa, 
which corresponds to the mature capsid protein VP60 (Fig. 7, 
lane 2). In addition, the anti-M serum precipitated several 
smaller proteins; these are obviously truncated derivatives of 
the capsid protein, since none of them was recognized by the 
anti-K serum. The anti-M serum also precipitated a large num- 
ber of protein species with molecular masses of between 68 and 
120 kDa, which are apparently due to incomplete cleavage at 
the poiymerase-capsid protein boundary. These proteins were 
also recognized by the anti-K serum, which hampered identi- 
fication of translation products that are cleaved at the C-ter- 
minal boundary of the polymerase. To overcome this difficulty, 
sequential immunoprecipitations with the anti-M and anti-K 
sera were performed. In such an experiment, p69, p76, p87, 
and pi 17 were specifically recognized by the anti-K serum (Fig. 
7, lane 3). From this result it was clear that these proteins do 
not extend into the capsid protein, since otherwise they would 
have been removed by the anti-M serum in the first immuno- 
precipitation. We therefore conclude that p69, p76, p87, and 
pi 17 are generated by a specific cleavage at the C-terminal 
boundary of the polymerase. It should be noted that precursors 
comprising the capsid protein and any of these four proteins 
were not observed, which indicates complete cleavage at the 
polymerase-VP60 boundary. This is in marked contrast to the 
incomplete cleavage of the translation products with molecular 
masses of between 68 and 120 kDa, which were detected by the 



anti-M serum. The results from Fig. 6 show that the anti-I 
serum recognized p69 but not pl20. This indicates that pl20 
and the smaller translation products, which extend from the 
polymerase into the capsid protein, do not include the com- 
plete protease. Accordingly, cleavage at the polymerase- VP60 
boundary appears to be incomplete only for precursors that 
lack an active protease. Since previous studies have shown that 
the TCP is responsible for cleavage at the polymerase-VP60 
boundary (5, 54), our data imply that at least in vitro this 
cleavage occurs predominantly in cis and is rather inefficient in 
trans. Our data also indicate inefficient cleavage at the pro- 
tease-polymerase boundary, since neither the mature protease 
nor the mature polymerase was detected by the anti-J and 
anti-K sera. This finding is in agreement with our previous data 
which showed that the protease-polymerase boundary appears 
to be resistant to cleavage in vitro and is cleaved very ineffi- 
ciently in E. coli (5, 54). 

As discussed above, the 69-kDa protein is the smallest pro- 
tein recognized by the anti-K and anti-J sera and also appears 
to be the smallest protein that includes the complete protease 
and the complete polymerase. From this finding it can be 
concluded that p69 most likely represents the cleavage product 
that covers the region between p41 and the capsid protein 
VP60 and thus is equivalent to the previously identified p73 
(1). In contrast to p69, p76 probably extends beyond the N 
terminus of the protease into VPg and is most likely due to 
internal initiation. Internal initiation probably also accounts 
for the additional translation products, whose N termini are 
located within or downstream of the protease and which are 
not cleaved at the polymerase-VP60 boundary. 

Genetic map of ORFl. The data from the in vitro translation 
study are summarized in Fig. 8, which assigns the products 
generated by in vitro cleavage of the ORFl polyprotein to their 
coding sequences in the genome. The map reveals a total of 
seven cleavage sites, which are cleaved in vitro to different 
extents. At sites 1 and 3 cleavage appears to be complete as 
indicated by the absence of uncleaved precursor proteins that 
encompass the flanking cleavage products. Cleavage between 
the putative polymerase and the capsid protein VP60 (site 7) is 
also complete, taking into account that the observed uncleaved 
proteins are most likely aberrant products due to internal ini- 
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FIG. 8. Schematic representation of the in vitro cleavage products of the ORFl polyprotein and proposed genetic map of ORFl. (A) The genomic RNA of RHDV 
is represented below the scale bar. Open reading frames arc shown as open or shaded bars. Cleavage sites in the ORFl polyprotein are indicated by vertical lines and 
numbered 1 to 7. The nonstructural proteins are designated PI to P7. The molecular masses of the proteins (in kilodahons) are shown above the bars, and their 
established or putative functions are indicated below the bars. Protein p60 was detected in several experiments but is difficult to see in Fig. 5. P4 (p41) is equivalent 
to a protein of 43 kDa described before (1). Cleavage sites 3, 5, 6, and 7 have been determined by N-terminal sequencing of the respective proteins or in vitro 
mutagenesis experiments (1, 54). Cleavage sites equivalent to sites 3 and 4 were also determined for the human calicivirus Southampton virus (29). (B) Schematic 
representation of the cleavage products of the ORFl polyprotein observed in the RRL. 



tiation. The in vitro assays revealed partial cleavage at sites 4 
and 5 and no cleavage at site 6. In addition, several experi- 
ments indicated incomplete cleavage at site 2, since polypep- 
tides of about 60 kDa which reacted with antisera against 
segments A, C, D, and E, but not B, were detected (see also 
Fig. 5). Although these results might in part be due to limita- 
tions of the in vitro system, it is reasonable to assume that the 
large variation in cleavage efficiency at the different cleavage 
sites reflects a mechanism by which the amount of distinct 
functional proteins is regulated during the viral life cycle. 

The seven cleavage sites identified so far in the ORFl poly- 
protein define the boundaries of eight putative final cleavage 
products. In our study four of these cleavage products were 
observed in vitro (pi 6, p23, p37, and VP60), whereas the re- 
maining proteins (p30, VPg, TCP, and pol) were detected only 
as parts of larger proteins that are composed of two (p41 = 
p30 + VPg, p69 = TCP + pol), three (p87 = VPg + TCP + 
pol), or four (pll7 = p41 + p69) of the postulated end prod- 
ucts. Because of the limitations of our in vitro system, pulse- 
chase studies could not be performed. It is therefore presently 
unclear if the larger proteins are actually precursors that are 
further cleaved or if they represent stable end products. Proper 
cleavage of these proteins may reiquire the presence of cellular 
cofactors that are lacking in the in vitro system. The failure to 
detect the final cleavage products may also be due to proteo- 
lytic degradation of these proteins. 



The ORF2 product represents a structural protein. Viral 
particles were purified from a liver homogenate of an infected 
rabbit and subjected to Western blot analyses with region- 
specific antisera to examine if the virions contain viral proteins 
in addition to the capsid protein VP60. As expected, the an- 
ti-M and the anti-L sera showed a strong reaction with VP60 
(Fig. 9). These antisera also detected smaller proteins that are 
commonly observed in immunoblots of RHDV particles and 
are probably due to proteolytic degradation of the capsid pro- 
tein. No specific signal was obtained with antisera against those 
regions of the ORFl polyprotein that precede the capsid pro- 
tein, indicating that the proteins derived from this part of the 
polyprotein are nonstructural proteins or, like VPg, are 
present in very small amounts. In contrast, both of the anti-N 
sera showed a specific reaction with a protein of approximately 
10 kDa. This finding indicated that the 0RF2 polypeptide or a 
cleavage product of this protein represents a component of 
RHDV virions. The signal of the 10-kDa protein was much 
weaker than the signal of the capsid protein VP60 obtained 
with the anti-M serum, suggesting that the 10-kDa protein was 
present in a smaller amount than VP60. These results could be 
verified by immunoprecipitation experiments with extracts pre- 
pared after iodine labeling of purified virions. In addition to 
VP60, VP 10 and VPg were detected. The latter two proteins 
were present in much smaller amounts than VP60 (data not 
shown). In conclusion, the analyses show that a minor capsid 
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FIG. 9. Immunoblot of purified viral particles of RHDV with region-specific 
antisera. Purified RHDV particles were electrophoresed in SDS-12% polyacryl- 
amide gels and analyzed by immunoblotting with the indicated region*specific 
antisera. Numbers are used to distinguish between sera from different rabbits. 
The rabbit sera were used at a dilution of 1:200. Abbreviations: a, antiserum; 0, 
preimmune serum. Because of the large amount of VP60 present on the blot, 
some of the sera show a nonspecific reaction with this protein. The features of 
the antisera are summarized in Table 1. 

protein of approximately 10 kDa is encoded in ORF2. Fur- 
thermore, these analyses establish that VP60 and VPg are the 
only structural proteins encoded in ORFl. 



DISCUSSION 

Sequence comparisons have shown that caliciviruses are re- 
lated to members of the picornavirus-like superfamily of plus- 
stranded RNA viruses (31, 36). This finding is confirmed and 
extended in our present study, which reveals a remarkable 
similarity in genome organization between RHDV and picor- 
naviruses (Fig. 10). According to the results of our in vitro 
studies, RHDV, like picornaviruses, encodes six nonstructural 
proteins and VPg as parts of one large polyprotein. The non- 
structural proteins include a putative RNA helicase, a TCP» 
and an RNA polymerase that are conserved in all members of 
the picornavirus-like superfamily of plus-stranded RNA vi- 
ruses (11, 15, 24), In the ORFl polyprotein of RHDV, these 
proteins are arranged in an order that is common to all mem- 
bers of the picornavirus superfamily, namely, helicase-VPg- 
TCP-polymerase (Fig. 10). Our data also show that RHDV 
encodes an additional nonstructural protein that is located 
between the helicase and VPg and is analogous in location to 
the 3A protein of poliovirus and a protein of 6 kDa encoded by 
potyviruses (44, 45). The N-terminal part of the ORFl 
polyprotein of RHDV that precedes the putative helicase com- 
prises the remaining two nonstructural proteins of RHDV, pl6 
and p23. These proteins are analogous in location to the 2A 
and 2B proteins of picornaviruses. Thus, each of the nonstruc- 
tural proteins encoded by all picornaviruses has its counterpart 
in the ORFl polyprotein of RHDV. 

Previous studies showed that the TCP of RHDV is similar in 
function to the picornaviral 3C protease (5, 54). Although 
functional studies have not yet been performed for the other 
nonstructural proteins, the extensive sequence similarities be- 
tween the putative RNA helicase 2C of picornaviruses and the 
nonstructural protein p37 of RHDV indicates that these pro- 



teins have a similar role in genome replication. The same 
argument applies to the 3D polymerase protein of picornavi- 
ruses and the RHDV RNA polymerase, the putative cleavage 
product p58 which constitutes the C-terminal part of the TCP- 
pol precursor p69. Funclional homology is also obvious in ihc 
case of VPg. In picornaviruses this protein or its precursor 3AB 
has been proposed to serve as a primer for the viral polymerase 
during initiation of positive-strand RNA synthesis (14, 26, 41- 
43). This could also be the case for the VPgs of RHDV and 
other caliciviruses. It has to be stressed, however, that calici- 
virus VPgs are almost five times the size of picornavirus VPgs, 
whereas the putative helicases and RNA polymerases of 
RHDV and picornaviruses are very similar in size. This finding 
suggests that the calicivirus VPgs have additional functions 
that are not shared by their picornavirus counterparts. One of 
these functions might be to play a role in translation initiation, 
a process which obviously differs for calici- and picornaviruses. 

While the putative helicase, the putative RNA polymerase, 
and, to a lesser extent, the TCP have significant sequence 
homology with the corresponding picornavirus proteins, this is 
not the case for the nonstructural proteins p23 and p30. How- 
ever, our studies reveal a similar behavior of these proteins and 
their picornavirus counterparts in E. coli; like 2B and 3A of 
poHovirus, both p23 and p30 appear to be toxic. In contrast, the 
other nonstructural proteins of RHDV and poliovirus, includ- 
ing the trypsin-like proteases, exhibit no or only a modest toxic 
effect in E. coli (25). The toxicity of the 2B and 3A proteins of 
poliovirus was attributed to amphipathic helices, which are 
thought to interact with the bacterial membrane. Computer 
analysis of the ORFl polypeptide of RHDV showed the pres- 
ence of similar amphipathic helices in the N- and C-terminal 
parts of p23 and the amino-terminal half of p30 (data not 
shown). Although at present the existence of the amphipathic 
helices is still hypothetical for both the poliovirus polyprotein 
and the ORFl polyprotein of RHDV, our results suggest that 
the nonstructural proteins p23 and p30 have structural and 
maybe also functional similarities with 2B and 3A of picorna- 
viruses. 

The extreme N-terminal part of the ORFl polyprotein of 
RHDV contains a nonstructural protein of 16 kDa (pl6) that 
occupies a position in the polyprotein analogous to the 2A 
protein of picornaviruses. Like p23 and p30, the nonstructural 
protein pl6 shows no obvious sequence similarity with its 
picornavirus-counterpart. This is not surprising, since in picor- 
naviruses the 2A protein is one of the most variable nonstruc- 
tural proteins with regard to size and sequence. In foot-and- 
mouth disease virus and enteroviruses, 2A exhibits proteolytic 
activity and mediates proteolytic cleavage at its own N or C 
terminus (43). However, while in enteroviruses the 2A pro- 
tease belongs to the trypsin-like family of proteases, the 2A 
protein of foot-and-mouth disease virus appears to be only 16 
amino acids in length and shows no significant similarity to any 
known protease family (46). Sequence analysis of the nonstruc- 
tural protein pl6 did not reveal the presence of a catalytic triad 
typical of trypsin-like proteases. In many viral polyproteins, 
papain-like proteases constitute the first polypeptide (13, 16), 
but pl6 also shows no homology to these proteases. A low level 
of similarity between the C-terminal part of pl6 and the 2A 
protein of foot-and-mouth disease virus was apparent (data 
not shown). Preliminary studies indicated that the N-terminal 
half of the ORFl polyprotein of RHDV contains no protease. 
Thus, our data suggest that the nonstructural protein pl6, like 
the 2A protein of hepatitis A virus, has no proteolytic activity, 
which implies that all cleavages in the viral polyprotein might 
be executed by the 3C-like TCP (48, 49). For poliovirus, ex- 
perimental evidence which indicates a multifunctional role of 
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the 2A protein in the replication cycle has been reported (18, 
30, 34, 43). Some studies also suggest that the proteolytic 
activity of the 2A protein is dispensable for some of these 
functions (3). In view of these findings, it will be an interesting 
task for future studies to determine if the picornavirus 2A 
proteins and the amino-terminal cleavage product of the cali- 
civirus polyprotein share a nonproteolytic function. 

Our results concerning processing of the N-terminal part of 
the RHDV polyprotein differ considerably from the data pub- 
lished by Alonso and coworkers (1). Those authors found a 
protein of 80 kDa which probably encompasses the three pro- 
cessing products pl6, p23, and p37 identified in the present 
study. The reason for this discrepancy is presently not known. 
For Southampton virus, a 41-kDa protein corresponding to 
p37 was identified, indicating that the amino-terminal part of 
the polyprotein of this calicivirus is processed in vitro (29). 
However, the same authors did not detect polypeptides corre- 
sponding to pl6 or p23. Instead, a protein of 48 kDa was 
found, which again is apparently not further processed in vitro. 
Like RHDV, the human caliciviruses cannot be propagated in 
tissue culture, and further processing of p48 might occur within 
infected cells. 

Cleavage of the poliovirus polyprotein gives rise to several 
long-lived precursor proteins that are only partially cleaved. 
Interestingly, some of these precursors composed of two final 
cleavage products are analogous to some cleavage products 
generated in vitro from-the ORFl polyprotein of RHDV. Most 
notable among these precursors are the 2BC, 3AB, and 3CD 
proteins of poliovirus, which correspond to the cleavage prod- 
ucts p60, p41, and p69 of RHDV, respectively. Since each of 
the poliovirus precursors (3AB and 3CD [2, 14, 19, 20, 26, 33, 
41, 42, 55] and 2BC [4, 9]) either has been shown or is pre- 
sumed to have a functional role in genome replication distinct 
from its final products, it is interesting that the analogous 
fusion proteins are generated from the ORFl polyprotein of 
RHDV, even though interpretation of these data has to take 
into account the limitations of the in vitro system. 

A common feature of all caliciviruses is the existence of a 
small open reading frame of 300 to 600 nucleotides in length 
that overlaps the gene of the major capsid protein and extends 
close to the 3' end of the genomic RNA (7, 8, 22, 27, 31, 37). 
Our results show that a capsid protein of approximately 10 kDa 
(VPIO) is encoded in the respective open reading frame 
(0RF2) of RHDV. This protein was also observed after in 
vitro translation of RHDV virion RNA (data not shown). In- 
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terestingly, the apparent molecular mass of this basic protein is 
considerably lower than the calculated molecular mass of the 
0RF2 polypeptide (12.7 kDa). It is presently unclear whether 
this is due to either its amino acid composition or proteolytic 
cleavage of the primary translation product. In a recent study, 
the corresponding ORF3-encoded polypeptide of FCV has 
been identified in FCV-infected cells (21). Like VPIO of 
RHDV, this protein has an apparent molecular mass consid- 
erably lower than the calculated molecular mass of the 0RF3- 
encoded polypeptide. Although VPIO was identified as a virion 
component for the first time in the present study, it is highly 
likely that the corresponding proteins of other caliciviruses 
also represent structural proteins. The function of the 0RF2 
polypeptide is not yet known, but it is intriguing that, according 
to our data for RHDV, this protein appears to be present in 
viral particles in substoichiometric amounts compared with the 
capsid protein VP60. Recently, it was shown that VP60 alone 
is able to assemble into virus-like empty particles that are 
indistinguishable from those which are found in livers of 
RHDV-infected animals (28, 35, 50). Considering these find- 
ings, we propose that VPIO could interact with both the major 
capsid protein VP60 and the viral RNA, thereby mediating 
specific encapsidation of the viral genome. 

Within the picornavirus superfamily, caliciviruses are the 
only members which produce a subgenomic RNA. At least for 
RHDV, this RNA is efficiently packaged into virions, which is 
not a general feature of viral subgenomic RNAs. Furthermore, 
minus-strand copies of the subgenomic RNA have been de- 
tected in FCV-infected cells, suggesting that the subgenomic 
RNA is replicated like the genomic RNA (6). Taken together, 
these data indicate that the subgenomic RNAs of caliciviruses 
exhibit basic properties of a genome segment, namely, encap- 
sidation and replication. Previous studies have demonstrated 
that RHDV makes use of two mechanisms to synthesize the 
capsid protein VP60 (5, 39, 50, 54). The first mechanism in- 
volves translation of the genomic RNA, which generates a 
precursor protein that is cleaved at the N-terminal boundary of 
the capsid protein. This translation strategy resembles those of 
picorna-, poty-, and sequiviruses, which are members of the 
picornavirus superfamily with monopartiie genomes. Like 
RHDV, these viruses encode the capsid and the nonstructural 
proteins in a single open reading frame (11, 24, 45). The other 
expression mechanism, which is common to all caliciviruses, 
involves translation of the subgenomic RNA. This mechanism 
resembles the expression strategy of como- and nepoviruses, 
whose genomes are composed of two RNA molecules. The 
larger RNA (RNA 1) encodes the nonstructural proteins, 
whereas the smaller one (RNA 2) serves as mRNA for the 
capsid proteins. Considering their peculiar features, the sub- 
genomic RNAs of caliciviruses can be regarded as additional 
genome segments that are used to express the structural pro- 
teins and in this respect represent the functional equivalent of 
the RNA 2 of como- and nepoviruses. Thus, the strategy of 
RHDV to express the major capsid protein can be best de- 
scribed as a unique combination of two known expression 
mechanisms that are used by other members of the picornavi- 
rus superfamily. These conclusions support the idea that cali- 
civiruses or an ancestor with a similar genome organization 
and expression strategy constitute an evolutionary link be- 
tween the two groups of viruses of the picornavirus superfamily 
with mono- or bipartite genomes. 
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